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Orbit, zygoma, and maxilla
growth patterns in Crouzon
syndrome
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Abstract. The facial malformations of Crouzon syndrome involve the entire cranio-
orbito-zygomatic region. The detailed sequence of changes in orbit, zygoma, and
maxilla over time, the mutual influence among these three anatomical structures,
and their relationship with the cranial base were studied to determine the sequence
and timing of deformity. Preoperative CT scans of 36 patients with Crouzon
syndrome (mean age 10.84 4 14.70 years; 14 male, 22 female) and CT scans of 54
control subjects (mean age 8.53 + 13.22 years; 29 male, 25 female) were divided
into five subgroups by age: 0—6 months, 6 months—2 years, 2—6 years, 6—18 years,
and 18-62 years. Craniofacial morphometric cephalometrics were analyzed using
Materialise software. Crouzon orbit anteroposterior length was shorter before 6
months (P =0.021) and remained shorter into adulthood (P < 0.001). Globe
projection was greater across all age subgroups (P < 0.001), reaching a peak at 6
months to 2 years (P < 0.001). The increased medial orbital width was the most
remarkable and persistent secondary deformity (P < 0.001). The zygoma anterior
protrusion was retruded before 6 months of age (P < 0.001), but then improved
gradually. The width of maxilla was greater by 24% in the Crouzon cohort
(P < 0.001), with a difference of 16% before 6 months (P = 0.024), and was
developed earlier than the shortened anteroposterior length. Crouzon high and
shallow orbital walls are distinctive. Maxillary widening developed before the
malformation of sphenoid. The anteroposterior position of zygoma is likely a
principal deformity, rather than a reflection of the intrinsic shape of the bone.
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The characteristic facial malformations of  impairments, such as strabismus and am-

Crouzon syndrome, like orbital deformity
and midface retrusion, involve the entire
cranio-orbito-zygomatic region' . Visual

0901-5027/030309+013

etropia, caused by the deformed orbital
bony structure, are universal and associat-
ed with exorbitism™>. These orbital symp-

toms are more severe in Crouzon
syndrome compared with Apert syn-
drome, which shares a similar fibroblast
growth factor 2 (FGF-2) activating muta-
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tion®. Kreiborg and Cohen speculated that
this may be due to their different patho-
geneses’. The shallower orbital cone and
shorter orbital walls in Crouzon syndrome
could be the primary influence of skeletal
development, while Apert deformities
may be due to cranial base dysmorphol-
ogy’. Exorbitism could also be caused by
the disharmonious globe—orbit relation-
ship, with increased globe prominence
but decreased bony orbit volume®”’.

Among the six bones comprising the
bony orbit, the zygoma contributes a con-
siderable proportion. It has significant
overall influence on orbital appearance
as well as the shape, size, and direction
of the entire orbit. With the exception of
the nose, the zygoma is the most promi-
nent aspect in the midface, and helps
determine the facial width, its lateral cur-
vature, and sex-specific characteristics'’.
Taken together, there is a delicate inter-
play between the orbit, zygoma, and max-
illa, in which changes in one may be
caused by, or in turn, affected by, changes
in the others'".

Previous studies have shown that the
development of facial abnormality is syn-
chronized with cranial base malforma-
tion'>. The facial deformity begins in
the anterior cranial base-related orbital
zone and then progresses to the middle
cranial base-related area, with the most
severe deformity manifesting in the mid-

Table 1. Definitions of landmarks.

face. However, in light of this metachro-
nous development, the question may be
asked, what are the detailed changes of
these three anatomical segments?

The purpose of this study was to objec-
tively analyze the morphological and spa-
tial changes of orbit, zygoma, and maxilla
over time in a series of unoperated patients
with Crouzon syndrome compared to con-
trols. An additional aim was to determine
the relationship and mutual influence
among these three anatomical regions
and the cranial base.

Patients and methods

This longitudinal study was performed in
accordance with the requirements of the
Institutional Human Investigation Com-
mittee at Yale University. Computed to-
mography (CT) scans were obtained for all
subjects, none of whom had undergone
any previous surgical intervention. Preop-
erative CT scans were obtained from 36
patients with Crouzon syndrome and 54
control subjects without any confounding
disease; controls were age- and sex-
matched to Crouzon patients. The CT
scans were divided into five subgroups
based on age: 0—6 months, 6 months—2
years, 2—6 years, 6—18 years, 18—62 years.
Age and sex were re-matched in each age
subgroup to confirm comparability. De-
mographic information was tabulated.

Digital Imaging and Communications
in Medicine (DICOM) data were digitized
and measured using Mimics version 19.0
and 3-matics version 11.0 software (both
Materialise, Leuven, Belgium). The entire
package of abbreviations and definitions
of measurements are reported in Tables 1—
3.

Additionally, some unique measure-
ments were designed and included in this
study: (1) zygoma transverse width, de-
fined as the distance between the zygo-
matic ‘peak point” and the self-base plane.
The self-base plane was produced by the
three midpoints of the three sutures around
zygoma: the zygomaticomaxillary suture,
zygomaticotemporal suture, and zygoma-
ticofrontal suture. The zygomatic peak
point was produced by the ‘create part
comparison analysis’ function in 3-matics
software (Fig. 1). (2) The zygoma anterior
protrusion, defined as the distance from
the most anterior point of zygoma to the
rear base plane, which passed through
sella and was simultaneously perpendicu-
lar to the Frankfort horizontal plane and
the median sagittal plane (Fig. 2). (3) The
frontozygomatic suture length, defined as
the distance between the most anterior
point of pterion and the frontozygomatic
suture point; the projected length of the
frontozygomatic suture length is its effec-
tive length in the Frankfort horizontal
plane. The rotated angle of the line con-

Variable Abbreviation Definition

Nasal aperture point ALR/ALL The most lateral and inferior points of the nasal aperture in a transverse plane

Anterior nasal spine ANS The tip of the median, sharp bony process of the maxilla at the lower margin of the
anterior nasal opening

Corneae Cornea R/L The most anterior point of cornea

Frontozygomatic point FZR/FZL The most medial and anterior point of each frontozygomatic suture at the level of the
lateral orbital rim

Medial orbital point MOR/MOL The most medial point of the bony orbit

Nasion N The junction of the frontonasal suture at the most posterior point on the curve at the
bridge of the nose

Nasal cavity point NcR/NcL Nasal cavity widest points

Optic foramen point OFR/OFL The midpoint of the rim of optic foramen

Orbitale ORR/ORL The most inferior point of each infraorbital rim

Pterion point PR/PL The most anterior point of pterion

Medial pterygoid plate PP The most anterior point of the medial pterygoid plate at the pterygomaxillary fissure

Lateral pterygoid plate PPR/PPL The most lateral point of the most inferior portion of the lateral pterygoid plate

Rhinion Ro The anterior tip at the end of the suture of the nasal bones

Sella S The center of the hypophyseal fossa (sella turcica)

Orbital uppermost point UORR/UORL The uppermost points on the roof of the orbit

Zygomaticomaxillary suture point ZMR/ZML The point at the zygomaticomaxillary suture on the anterior margin of the inferior
orbital rim on each side

Zygoma peak point ZPR/ZPL The furthest point to the zygomatic self-base plane. The self-base plane was
produced from the three midpoints of the three sutures around zygoma: the
zygomaticomaxillary suture, zygomaticotemporal suture, and zygomaticofrontal
suture

Zygomaticotemporal suture point ZTR/ZTL The midpoint of the zygomaticotemporal suture

Zygomatic lowest point ZXR/ZXL The lowest point of zygoma

Zygion ZYR/ZYL The most lateral point on the outline of each zygomatic arch

R, right; L, left.
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Table 2. Definitions of cephalometric distances, ratios, and angles of the orbit.

Variable

Definition

Unilateral orbital features
Orbit length
Orbit height
Orbit width

Vertical cone angle

Inner horizontal cone angle

External horizontal cone angle

Orbital rim angle

Globe projection
Visual axis length
Visual axis length/orbit length

Bilateral orbital relationship
Medial orbital width (MOR-MOL)

Interzygomaticofrontal suture distance (FZR-FZL)

Upper orbital width (UORR-UORL)

Orbitale width (ORR-ORL)

Optic foramen distance (OFR—OFL)
Corneae distance

Bilateral optical axis angle

The distance from the zygomaticomaxillary suture on the orbital rim to the optic foramen
The distance between the mid-superior and mid-inferior orbital rim on a sagittal plane
crossing the corneal apex

The distance between the most anterior portion of the medial and the lateral orbital walls
on an axial plane crossing the corneal apex

Angulation of the vertical walls of the posterior orbit as defined by three points: the
superior-most point of the orbital roof, vertex at the optic foramen, and inferior point on
the orbital floor in the same sagittal slice as the superior point

The angle was measured on the plane passing through the midpoint of bilateral corneae
and parallel to the FH plane; the vertex is at the optic foramen and the other two points
are the midpoint of the lateral orbital wall and the medial point of the ethmoid bone
The angle was measured on the plane passing through the midpoint of bilateral corneae
and parallel to the FH plane; the vertex is at the optic foramen and the other two points
are the anterior-most point of the lateral orbital wall and the medial point of the ethmoid
bone

The angle of the orbital rim plane to the middle sagittal plane. The orbital rim plane was
defined by points on the orbital rim: supraorbital notch, zygomaticofrontal suture, and
zygomaticomaxillary suture

The distance from the most anterior point of cornea to the orbital rim plane

The distance between the cornea and optic foramen

The ratio of the distance between the cornea and optic foramen to the distance from the

zygomaticomaxillary suture on the orbital rim to optic foramen

The distance between bilateral points on the medial orbital margin that is closest to the

median plane

The distance between bilateral zygomaticofrontal sutures (point along the orbital rim)

The distance between bilateral uppermost points on the roof of the orbit, representing the

upper face breadth

The distance between the bilateral lowest points on each infraorbital rim
The distance between bilateral optic foramen points

The distance between bilateral corneae

The angle between bilateral optical axis lines; the line was defined as connecting optic

foramen and corneae

FH, Frankfort horizontal.

necting pterion and the frontozygomatic
point is the angle between the line and
Frankfort horizontal plane (Fig. 3). These
measurements were designed to describe
the detailed morphology of the pterion
area.

Before the initial data acquisition for
this study, the observer underwent mea-
surement training until the inter-observer
Pearson correlation coefficient (compared
with a practiced observer) was >0.95 and
the intra-observer error was <0.05. All
landmark points, generated lines, angles,
and planes were selected and produced
twice by the same observer, in both the
Crouzon syndrome and control group,
with independent verification by two ad-
ditional observers (plastic surgeons).

Statistical analyses

The t-test was used for the analysis of
continuous variables (Microsoft Excel,
v.2016; Microsoft Corp., Redmond,
WA, USA). The Pearson correlation coef-
ficient was calculated to evaluate inter-
observer and intra-observer correlations

(IBM SPSS Statistics, version 24.0; IBM
Corp., Armonk, NY, USA). All statistical
tests were two-tailed and statistical signif-
icance was set at P < 0.05.

Demographic data

Ninety CT scans were included (Crouzon,
n =36; control, n = 54). The five age sub-
groups were 0—6 months, 6 months—2
years, 2—6 years, 6—18 years, and 18-62
years. The mean age of the Crouzon group
subjects was 10.84 4 14.70 years (range
3 days to 62 years) and the mean age of the
control group subjects was
8.53 + 13.22 years (range 5 days to 62
years). The Crouzon group consisted of
14 males and 22 females and the control
group of 29 males and 25 females (Table
4).

Results
Unilateral orbital features

Prior to 6 months of age, the anteroposterior
bony orbit length was significantly shorter

by 13% in the Crouzon group compared to
controls (P =0.021) and remained shorter,
by atleast20%, into adulthood (P < 0.001).
Orbital height was initially greater than in
controls (21% before 6 months of age;
P < 0.001) and remained increased into
adulthood (17%, P < 0.001) (Fig. 4). The
orbital width did not differ significantly
between Crouzon patients and controls
across all time points.

The vertical cone angle was more ob-
tuse in Crouzon patients after 2 years of
age. Although the inner horizontal cone
angle paralleled the development of con-
trols, the external horizontal cone angle of
Crouzon patients was significantly greater
after 6 years of age (Fig. 5). The orbital
rim angle decreased 6% compared with
controls (P < 0.001). Globe projection
was greater in the Crouzon cohort across
all age subgroups, by 139% on average
(P < 0.001), reaching a peak at 6 months
to 2 years (185% increase compared with
controls; P < 0.001) (Fig. 6). The ratio of
the visual axis to bony orbital length cor-
respondingly increased by 28% compared
to controls (P < 0.001) (Tables 5 and 6).
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Table 3. Definitions of cephalometric distances and angles of zygoma and midface, and related cranial base measurements.

Variable

Definition

Zygomatic linear measurements
Zygoma anterior protrusion

Zygoma self-protrusion

Zygoma height
Zygoma length

Zygoma superior curvature length

Bizygomatic width (ZYR-ZYL)

Frontozygomatic suture length (PR/L-FZR/L)

Projected length of pterion-FZR/L
Rotated angle of pterion—FZR/L
Geometry of zygoma

Fronto-orbital zygomatic angle (UORR/L-FZR/L-ORR/L)
Zygomaticosphenoid angle (ZMR/L-FZR/L-ZTR/L)
Frontal zygomatic angle (ZMR/L-ZPR/L-ZTR/L)
Zygoma anterior angle (ZMR/L-ZPR/L-FZR/L)

Zygoma vertical angle (FZR/L-ZPR/L-ZXR/L)

Midface
Maxillary width (ZMR-ZML)
Maxillary length (ANS-PP)
Nasal base width (ALR—-ALL)

Nasal width (NcR—NcL)
Nasal base height (Ro—ANS)

Nasal length (N-Ro)
Related cranial base measurements
Sphenoid greater wing angle

PPR-S-PPL

N-S-PP

The distance from the most anterior point of zygoma to the plane
representing the most anterior of the frontal bone

The distance between the zygomatic peak point and self-base plane. The
self-base plane was produced by the three midpoints of the three sutures
around zygoma: the zygomaticomaxillary suture, zygomaticotemporal
suture, and zygomaticofrontal suture

The distance from the most superior point on zygoma to the most inferior
point on zygoma

The distance from the midpoint of the zygomaticomaxillary suture to the
midpoint of the zygomaticotemporal suture

The distance from the most superior anterior point on the zygomaticofrontal
suture (point along the orbital rim) to the most anteromedial point on the
zygomaticomaxillary suture (point along the orbital rim)

The distance between the bilateral most lateral point on the outline of each
zygomatic arch

The distance between the most anterior point of pterion and the
frontozygomatic suture point; suggests the length of the frontozygomatic
suture

The effective length of pterion—-FZR/L in the FH plane

The angle between the line of pterion—FZR/L and the FH plane

The vertex at the frontozygomatic point and the other two points — the
highest point of the orbital rim and the lowest one on the same side

The vertex at the frontozygomatic point and the other two points — the
zygomaticomaxillary suture point and the zygomaticotemporal suture point
The vertex at the zygoma peak point and the other two points — the
zygomaticomaxillary suture point and the zygomaticotemporal suture point
The vertex at the zygoma peak point and the other two points — the
zygomaticomaxillary suture point and the frontozygomatic point

The vertex at the zygoma peak point and the other two points — the
frontozygomatic point and the zygomatic lowest point

The distance between bilateral zygomaticomaxillary suture points

The distance between anterior nasal spine and medial pterygoid plate
The distance between the most lateral and inferior points of the nasal
aperture in a transverse plane

The distance between bilateral nasal cavity widest points

The distance between rhinion and anterior nasal spine; indicates the height
of midface

The distance between nasion and rhinion; indicates the height of midface

Measured from the plane passing through the midpoint of the bilateral most
in-front points of corneae and parallel to FH plane; indicates the sphenoid
greater wing divergence

The angle between bilateral lateral pterygoid plates, measured by
connecting points PPR, S, and PPL; indicates the separation of lateral
pterygoid

Corresponding to the degree of backward rotation of the pterygoid plates

FH, Frankfort horizontal.

Bilateral orbital relationship

The increasing medial orbital width
(MOR-MOL) was the most remarkable
and persistent; this was 13% wider in
Crouzon subjects before 6 months of age
(P=0.043), and they experienced an
average increase of 24% throughout life
(P <0.001). The lateral orbital width
(the distance between zygomaticofrontal
sutures (FZR-FZL)) was longer by 9%
on average in all age groups (P = 0.009).
Whole group comparisons found that
Crouzon subjects had significantly in-

creased upper orbital width (UORR-—
UORL), orbitale width (ORR-ORL),
and distance between bilateral optic fo-
ramen (OFR—OFL) by 23% (P < 0.001),
19% (P < 0.001), and 11% (P =0.037),
respectively, reflective of ethmoid sinus
expansion. The soft tissue developed
corresponding changes. The bilateral
corneal distance was significantly great-
er in Crouzon compared with controls in
the whole group analysis (23%,
P <0.001), with a consequently in-
creased bilateral optical axis angle
(30%, P < 0.001).

Zygomatic linear measurements

The zygoma anterior protrusion was strik-
ingly retruded by 104% (P < 0.001) in
Crouzon compared with  controls
(P < 0.001) prior to 6 months. This was
followed by a gradual improvement to a
27% reduction by adulthood. The zygoma
transverse width, however, was not differ-
ent between Crouzon patients and con-
trols. The Crouzon zygoma height was
15% (P =0.018) shorter when compared
with controls at 6 months to 2 years of age,
and zygoma length was shorter in all age
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Fig. 1. The zygoma transverse width was measured as the distance between the zygomatic peak point and self-base plane. The self-base plane was
produced by the three midpoints of the three sutures around zygoma: the zygomaticomaxillary suture, zygomaticotemporal suture, and
zygomaticofrontal suture. The zygomatic peak point was produced by the ‘create part comparison analysis’ function bar in 3-matics software

(version 11.0; Materialise, Leuven, Belgium).
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Fig. 2. The zygoma anterior protrusion was measured as the distance between the most anterior point of zygoma and the rear base plane, which
passes through the midpoint of sella and is simultaneously perpendicular to the Frankfort horizontal plane and median sagittal plane.

groups following 6 months, by at least
12%. While the zygoma superior curva-
ture length was increased by 8%
(P=0.046) in adult Crouzon subjects,
the bizygomatic width was normal
throughout growth (Tables 5 and 7).
Prior to 6 months of age, the distance
between pterion and the frontozygomatic

suture point (pterion—FZR/L), indicting
the length of the sphenofrontal suture,
was decreased by 3.63mm (20%,
P=0.018) compared with controls.
Thereafter, this distance remained shorter
than in controls into adulthood, with an
average 4.87 mm (15%, P =0.043) de-
crease overall. The horizontal projected

length of pterion—FZR/L (the effective
length of frontozygomatic suture in the
Frankfort horizontal plane) was synchro-
nously decreased, suggesting the more
evidently limited horizontal growth of
the frontozygomatic suture. This horizon-
tal projected length was 4.46 mm (30%,
P =0.004) shorter than in controls before
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Anterior point of .
pterion (PR/L) _

Fig. 3. The distance between the anterior point of pterion and the frontozygomatic suture point, indicating the frontozygomatic suture length (left).
The horizontal and vertical projected lengths reflect the vector components. The roll angle is the angle between the line PR/L-FZR/L and the

Frankfort horizontal plane.

Table 4. Age distribution of patients with Crouzon syndrome and controls.

Age group Crouzon Control P-value
0—6 months

Number 7 14

Age (years) 0.19 £0.18 0.17 £0.13 0.76

Male/female 3/4 8/6 0.84
6 months—2 years

Number 6 12

Age (years) 0.96 = 0.35 1.01 +£0.30 0.77

Male/female 3/3 7/5 0.80
2—-6 years

Number 9 11

Age (years) 4514137 426+ 1.58 0.72

Male/female 3/6 6/5 0.92
6—-18 years

Number 7 8

Age (years) 12.16 = 4.24 11.25 £4.78 0.70

Male/female 4/3 5/3 0.92
18-62 years

Number 7 9

Age (years) 36.86 + 12.48 34.35 £ 12.00 0.70

Male/female 1/6 3/6 0.51
0-62 years

Number 36 54

Age (years) 10.84 + 14.70 8.53 +£13.22 0.45

Male/female 14/22 29/25 0.93
6 months of age, 6.98mm (37%, Geometry of zygoma
P=0.002) shorter between 6 months
and 2 years, and remained shorter than The fronto-orbital zygomatic angle

controls into adulthood, with an average
5.84 mm (22%, P < 0.001) decrease over-
all. The vertical projected length of
pterion—-FZR/L was shorter, but this did
not achieve statistical significance. The
roll angle of frontozygomatic suture rela-
tive to the horizontal direction was in-
creased 5.04° (P < 0.001) in Crouzon
subjects when compared to control sub-
jects, across all time points.

(UORR/L-FZR/L-ORR/L) was larger be-
fore 6 months of age (21%, P < 0.001),
normalized between 6 months and 2 years,
and the difference re-emerged after 2
years. Crouzon zygomaticosphenoid angle
(ZMR/L-FZR/L-ZTR/L) was more acute
before 6 months of age (16%, P < 0.001),
with an average angular decrease of 15%
(P <0.001) in all age groups (with the
exception of a normalized angle from 6

months to 2 years of age). The frontal
zygomatic angle (ZMR/L-ZPR/L-ZTR/
L) was decreased between 6 months and
2 years (9%, P =0.017), yet zygoma an-
terior angle (ZMR/L-ZPR/L-FZR/L) and
zygoma vertical angle (FZR/L-ZPR/L-
ZXR/L) overall, did not differ significant-

ly (Fig. 7).

Midfacial measurements

The width of maxilla (ZMR-ZML) was
greater by 24% on average in the Crouzon
cohort, with a difference of 16%
(P =0.024) before age 6 months, reaching
a peak of 31% (P < 0.001) at age 2 to 6
years. The Crouzon maxillary anteropos-
terior length (ANS—PP) was markedly de-
creased from 6 months to 2 years by 12%
(P < 0.001), with an 8% (P =0.032) re-
duction in whole group comparisons. The
nasal base width (ALL-ALR) was wider
in Crouzon subjects after 2 years
(P=0.011). The nasal length (N-Ro) of
Crouzon subjects was only longer than
controls prior to 6 months of age (20%,
P =0.039).

Discussion

The surgical treatment of Crouzon syn-
drome, following early cranioplasty, cur-
rently centers upon facial osteotomies
such as Le Fort I, II, and III and midface
distraction'>'®. The ultimate purpose is to
normalize the facial appearance of Crou-
zon syndrome patients in order to reduce
potential future psychosocial problems.
Thus, a comprehensive understanding of
the anatomical deficits involved and their
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evolution over time is critical in the choice
of operation and the timing of procedures.

This study presents the largest known
series of unoperated Crouzon patients un-
dergoing anthropometric analysis. We
previously found that the facial deformi-
ties in Crouzon syndrome develop syn-
chronously with the deformities of cranial
base, and mirror presumed local severity
gradients'>. Others have postulated that
the earliest structural change is in the orbit
and the most severe is in the midface'”.
The findings of the current study corrobo-
rate and support this hypothesis.

The first discrepancies to appear in the
face were the shortened orbital floor length
(presumably sphenoid bone) and the in-
creased globe prominence, with a corre-
sponding increase in the ratio of visual
axis length to orbital depth. The magni-
tude of these differences increased with
age. This parallels previous reports that
have concluded that Crouzon syndrome
patients have more severe and early ocular

symptoms, such as corneal injury and
hypoplasia®'®. In particular, the orbital
depth is considered to be significantly
influenced by the cranial anteroposterior
and transverse diameters”’.

Increased orbital height also appeared
early, but as an accompanying compensa-
tory change (after shortening of antero-
posterior length), when compared to
controls aged 6 months to 6 years. The
gap between Crouzon syndrome patients
and the control subjects narrowed during
childhood, likely due to the rapid growth
of the normal orbit and proportionate
greater growth than the maxilla, rather
than the relief of orbital deformity in
Crouzon syndrome. Chang et al. reported
that, in general, the orbital depth in normal
children increased rapidly before 6 years,
but tended to stabilize at 10 years of age*’.
In the Crouzon patients in the present
study, the orbital height increased at a
constant rate until puberty. It is postulated
that after 6 years of age, when the normal

orbital growth rate begins to decline, com-
pensatory growth continues and this gap
re-emerges. Furthermore, the medial or-
bital width and the cornea position were
noted postnatally, with differences persist-
ing during development into adulthood.
This is consistent with clinical observa-
tions and previous studies showing signif-
icant orbital widening''.

Zygoma anterior protrusion was signifi-
cantly decreased in early infancy, with a
narrowing gap thereafter, yet no differ-
ence in the zygoma transverse width was
seen. Considering the zygoma has a nor-
mal volume in Crouzon syndrome, the
assumption is that the position of zygoma
is the primary problem, with emphasis on
the anteroposterior retropositioning. The
decreased sphenofrontal suture length, es-
pecially its significantly shortened hori-
zontal component, emphasizes the limited
position of zygoma anteroposteriorly. The
increased roll angle explains the minor
shortening of its vertical component,
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Fig. 5. The inner horizontal cone angle and external horizontal cone angle are shown on the CT scans of a 25-year-old female patient with
Crouzon syndrome (right) and a control subject (left) as an example. The angles marked show the average size of these two angles, in degrees, for
subjects aged 0 to 62 years. The inner horizontal cone angle did not differ between Crouzon patients and controls; however, the external horizontal
cone angle was significantly increased in Crouzon patients. The line charts show the changes according to age in the two groups.

which may also be neutralized by the
increased orbit height.

However, the data herein call into ques-
tion the role of the maxilla. The maxilla,
located at the base of the zygoma, was
found to shorten significantly in the ante-
roposterior direction after 6 months of age.
Zygoma retrusion, however, developed
before 6 months. This suggests that the
zygomatic-maxillary retrusion may be
influenced independently, but in concert.
As the growth of the vault is restricted in
the direction perpendicular to the prema-
ture suture and premature cranial suture
fusion impacts the cranial base before the
midface®' **, the zygoma is more likely to
be affected by the premature coronal su-
ture than the sphenozygomatic sutures. As
the zygoma is connected to the vault
through the temporal bone and the zygoma
anteroposterior position is perpendicular
to the coronal sutures, it is likely to have a
relatively early impact, as the coronal
sutures are the most frequently involved
in Crouzon syndrome”**°. While the max-
illary anteroposterior length is likely influ-

enced by the deformed cranial base, and
secondary growth disturbance may be in-
duced by premature fusion of the coronal
suture, the shortened maxillary length is a
potentially tertiary effect. The locus of
abnormal growth of the maxilla may be
more central and inferior, such as in the
greater wings of the sphenoid. This also
suggests that the zygoma retrusion follows
more closely the vault deformity, while
the maxilla follows more closely cranial
base malformation. Maxillary volume is
normal in Crouzon syndrome~°, as is nasal
height. This may reflect directionally con-
sistent growth pattern influences.
Surprisingly, the maxilla widened be-
fore 6 months, but the sphenoid greater
wing angle developed to be more obtuse in
Crouzon syndrome afterwards and the
pterygoid plates widened after 2 years
of age. In the discussion of the interplay
between sphenoid and maxilla, it is sus-
pected that both the maxilla and the sphe-
noid mediolateral deformity are secondary
effects after premature coronal suture. The
maxilla likely follows the vault-zygoma-—

maxilla pathway, while the sphenoid like-
ly follows the vault—cranial base pathway.
Nevertheless, despite the knowledge that
bone growth is typically influenced by
adjacent structures, a causal relationship
cannot be ascribed, and perhaps both
structures have their internal developmen-
tal timelines.

While the skull base has been shown to
regulate craniofacial development, there
may be an alternative controller. Bones of
the skull base, including the sphenoid,
occipital, and petrous bones, arise from
mesodermally  derived  ectomeninx,
whereas facial bones, such as the zygoma,
maxilla, and nasal bones, are formed from
neural crest derivatives. Even the cranial
base itself has a dual embryonic origin: the
anterior base arises solely from the neural
crest (and similar to the facial bones),
while the posterior base arises from the
paraxial mesoderm”’. It is possible, then,
that craniofacial development is governed
by two different regulators, and both are
controlled by the genetic abnormalities of
Crouzon syndrome.
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Fig. 6. The orbital rim angle and globe projection are shown on the CT scans of a 25-year-old female patient with Crouzon syndrome (right) and a
control subject (left) as an example. The angles (degrees) and distances marked are the average results for all subjects aged 062 years. The line
charts show the changes according to age in the two groups.

In addition, Crouzon syndrome is fre-
quently associated with multiple prema-
ture suture synostoses and the most
commonly affected are the coronal, sagit-
tal, and lambdoid combined***. Sagittal

synostosis, in particular, limits the trans-
verse growth of the cranium and could
limit the lateral position of zygoma. The
coronal synostosis could limit the antero-
posterior position of zygoma. Thus, indi-

vidual midface differences may depend on
the type of suture fusion rather than a
global cranial base.

The position of zygoma and its relation-
ship to the upper and lower face is a
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Table 5. Orbit, zygoma, midface, and related cranial base measurements in the full age range (0—62 years) of Crouzon syndrome patients

compared with controls.

Crouzon Control
Index _— P-value® Change %
Mean SD Mean SD
Orbit
Unilateral orbital feature
Orbit length 33.34 5.54 41.23 7.70 <0.001** —19%
Orbit height 33.74 4.79 29.59 4.40 <0.001** 14%
Orbit width 33.67 4.96 31.94 451 0.098 5%
Vertical cone angle 60.19 5.94 54.31 3.69 <0.001** 11%
Inner horizontal cone angle 61.27 13.81 61.62 8.08 0.892 —1%
External horizontal cone angle 62.86 9.26 58.64 8.41 0.032* 7%
Orbital rim angle 115.42 10.94 118.31 4.32 0.139 —2%
Globe projection 11.60 2.68 4.86 1.67 <0.001** 139%
Visual axis length 43.86 5.27 42.63 6.61 0.332 3%
Visual axis length/orbital length 1.33 0.14 1.04 0.07 <0.001** 28%
Bilateral orbital relationship
MOR-MOL 23.77 4.42 19.13 3.34 <0.001** 24%
FZR-FZL 88.31 13.21 80.89 12.06 0.009** 9%
UORR-UORL 59.20 9.61 48.00 7.89 <0.001** 23%
ORR-ORL 63.28 10.26 53.07 10.67 <0.001** 19%
OFR-OFL 25.17 5.83 22.63 5.11 0.037* 11%
Cornea R—Cornea L 64.63 9.26 52.57 8.01 <0.001** 23%
Bilateral optical axis angle 54.05 5.27 41.61 4.89 <0.001** 30%
Zygomatic linear measurements
Zygoma anterior protrusion 18.42 5.85 11.79 2.64 <0.001** 56%
Zygoma self-protrusion 5.50 1.11 6.01 1.49 0.068 —8%
Zygoma height 33.97 9.24 32.95 8.69 0.604 3%
Zygoma length 36.76 7.71 40.57 8.74 0.037* —9%
Zygoma superior curvature length 29.33 5.10 28.40 4.25 0.367 3%
Bizygomatic width 100.63 20.82 97.71 19.81 0.513 3%
Pterion—FZR/L 27.86 3.40 32.72 4.90 0.042* —15%
Horizontal projected length of pterion-FZR/L 20.50 5.53 26.35 3.99 <0.001** —22%
Rotated angle of pterion—FZR/L 38.47 13.25 33.43 5.21 <0.001** 15%
Geometry of zygoma
UORR/L-FZR/L-ORR/L 92.47 6.40 81.97 6.18 <0.001** 13%
ZMR/L-FZR/L-ZTR/L 70.76 5.94 83.65 6.05 <0.001** —15%
ZMR/L-ZPR/L-ZTR/L 126.57 8.51 128.89 7.86 0.201 —2%
ZMR/L-ZPR/L-FZR/L 83.19 20.25 82.82 19.28 0.932 0%
FZR/L-ZPR/L-ZXR/L 131.57 16.33 136.36 8.88 0.118 —4%
Midface
ZMR-ZML 51.61 8.02 41.46 6.91 <0.001 24%
ANS-PP 46.13 7.93 50.26 9.84 0.032* —8%
ALR-ALL 20.90 4.38 18.84 6.37 0.072 11%
NcR-NcL 24.11 5.65 21.55 3.54 0.019* 12%
N-Ro 16.55 7.52 15.55 5.45 0.495 6%
Ro-ANS 21.39 8.13 22.49 8.06 0.529 —5%
Related cranial base measurements
Sphenoid greater wing angle 115.79 10.15 92.26 10.07 <0.001** 26%
PPR-S-PPL 72.38 6.68 65.83 6.18 <0.001** 10%
N-S-PP 80.48 7.37 76.85 4.29 0.011* 5%

SD, standard deviation.
4 P-value, r-test: *P < 0.05; **P < 0.01.

significant consideration in guiding mid-
face osteotomy and distraction. Therefore,
in this study, the zygoma anterior protru-
sion was measured by the distance be-
tween the most anterior point of zygoma
and the rear base plane, which passes
through the midpoint of sella and is simul-
taneously perpendicular to the Frankfort
horizontal plane and median sagittal
plane. We did not use the relative distance
to the frontal bone as in previous studies®®,

because a special consideration in Crou-
zon syndrome patients is that there is often
a deformity of the frontal bone itself as
well™”,

Therefore, regarding the surgical inter-
vention for Crouzon patients and consid-
ering the subtle changes that develop in
orbit, zygoma, and maxilla, in addition to
the initially macroscopic facial surgeries
(Le Fort III and monobloc), subsequent
precise extraction and other surgical pro-

cedures will be necessary at a later time in
life in order to achieve an approximately
normalized facial profile®® 2.

The limitation of this study is the rela-
tively small number of adult patients and the
large age range between them (i.e. 18 to 62
years of age). The inclusion criterion of this
study was that the Crouzon patient must not
have undergone any previous surgical in-
tervention. Unoperated adult patients are
very rare. The adult subgroup in this study



Table 6. Orbital measurement results shown by age subgroup; results are presented as the mean + standard deviation value.

Ind 0-6 months 6 months—2 years 2-6 years 6-18 years 18-62 years
ndex

Crouzon Control P-value®  Crouzon Control P-value®  Crouzon Control P-value”  Crouzon Control P-value”  Crouzon Control P-value®
Unilateral orbital features
Orbit length 2723 +£3.55 31.43+259 0.021* 28.744+£230  38.754+246 <0.001** 34.89+£343 43424277 <0.001** 3641 +544 4936+4.64 <0.001** 3834 +284 49.86+3.34 <0.001**
Orbit height 28.96 £2.03 2388+235 <0.001** 30.36£4.89  28.97+222 0.533 32.89+£3.65 31.26+244 0.269 3725+ 142 33944211 0.0035*%*% 3899 +2.06 33.42+2.07 <0.001%**
Orbit width 2645+127 2662+ 181 0.796 31.80 £2.04  30.00 £1.60 0.094 3337+£2.07 3296+2.02 0.664 3744 £3.09 37.08+2.24 0.804 39.11£275 36994222 0.125
Vertical cone angle 60.30 = 6.68 55.03 £3.61 0.088 5726 £4.60  5585+438 0.548 58.47 £3.85 53.04+£3.46 0.005%* 6447 +£9.20 53.18+3.42 0.017* 60.52£2.19 53.67+3.03 <0.001**
Inner horizontal cone angle 66.98 +10.32 66.03 £9.01 0.839 66.21 £12.90 63.88+9.10 0.703 52.08 £ 18.20 58.41+5.66 0.341 62.41 £13.52 59.03+7.29 0.569 6198 +7.13 5796 £4.79 0.228
External horizontal cone angle  66.36 =837 6577 £7.69 0.879 66.11 +9.41 60.67 £ 897 0.269 56.26 £10.44 55.82+4.59 0.909 67.10£7.54 53.05+£7.86 0.004** 60.83 +£6.14 5328+3.47 0.017*
Orbital rim angle 121.36 £9.06 120.05 £ 5.33 0.733 109.86 +£24.23 115.75 +£2.63 0.578 115.81 £2.53 117.39 £3.38 0.249 115.85 £6.04 118.29 +4.77 0.406 11334 £2.05 120.15 +3.68 <0.001**
Globe projection 931 £2.52 493 £ 1.11 0.003** 12.64 £ 1.76 444 £1.19 <0.001** 12.25+2.60 4.62+2.43 <0.001** 11.16 £2.14 4.54+1.76 <0.001** 12.62+£3.21 591+ 1.68 <0.001**
Visual axis length 36.59 £3.56 3435+238 0.168 41.14 £ 2.14 40.46 £2.20 0.542 4485 +3.14 4421 +£2.71 0.634 46.29 £3.01 48.17+3.25 0.264 49.74 £237 51.54+221 0.146
Visual axis length/orbital length 1.36 = 0.15 1.10£0.06  0.003** 144 +0.12 1.05+0.06  <0.001** 129 +0.13 1.024£0.05  <0.001** 129+0.14 098+0.09 <0.001** 1.31+0.13 1.04 £0.04  0.001%*
Bilateral orbital relationship
MOR-MOL 1885+ 191 16.71 £2.39 0.043* 2045+296  16.67+1.31 0.024* 23324248 19.66 £2.19 0.003** 27904324 23.02+1.96 0.006* 28.00 +1.98 22.08£2.90 <0.001**
FZR-FZL 70.04 £2.46 67.88 £4.58 0.176 81.82£7.75  7449+328 0.069 86.41 £2.95 82.49+4.96 0.043* 99.86 +7.24  92.44 £6.03 0.054 103.05 £ 7.13 97.44+£7.00 0.139
UORR-UORL 48.13 £4.15 4270 £3.63 0.014* 55.85+£10.19 4549 +4.60 0.055 56.26 £3.41 47.26+825 0.005** 6585+£593 56.13+697 0.012* 7026 £4.75 5329 +8.78 <0.001**
ORR-ORL 50.35+4.17 4489+234 0.012* 60.13 +7.73 48.82 £3.62 0.014* 61.06 £5.96 53.83+5.08 0.011* 71.79 £7.86 53.42 £14.05 0.009**  7325+493 7021+6.82 0.318
OFR-OFL 1825+ 1.56 1736 +2.41 0.325 21.57+ 1.16 19.87 £ 1.74  0.027* 23.10£2.65 23.72+230 0.589 3198 +£3.24 27334+425 0.033* 31.01 £242 28994276 0.142
Cornea R-Cornea L 5130 £4.63 4492 +278 <0.001** 61.29+394  47.17+2.63 <0.001** 63.42+2.59 53.07+3.73 <0.001** 72354534 61.20+4.13 <0.001** 74.63 £4.69 63.40+4.21 <0.001%**
Bilateral optical axis angle 5445 +891 47444421 0.087 57.82+£290  39.62+429 <0.001** 5455+2.67 38.77+223 <0.001** 51.77+547 4125+328 0.001** 52.064+3.22 39.01 £2.11 <0.001**

2 pvalue: *P < 0.05; **P < 0.01.
Table 7. Zygoma, midface, and cranial base-related measurement results shown by age subgroup; results are presented as the mean + standard deviation value.
0—6 months 6 months—2 years 2-6 years 6-18 years 18-62 years
Index
Crouzon Control P-value”  Crouzon Control P-value”  Crouzon Control P-value"  Crouzon Control P-value”  Crouzon Control P-value®

Zygomatic linear measurements
Zygoma anterior protrusion 2096 £4.67 1027 +£2.17 <0.001** 23244723  13.08 £3.27 0.032* 16.69 +6.96 12.81 +£2.53 0.144 18.01+238 11.38+£1.93  <0.001** 15.07+4.74 11.86+2.38 0.138
Zygoma self-protrusion 4.93 +£0.79 5.68 £1.71 0.189 593 £1.58 550+£045 0.578 479+0.74 542+0.67 0.064 5.66 £ 0.59 6.31 £1.53 0.291 6.50 £ 1.05 7.65 £ 1.71 0.123
Zygoma height 2297 +£259 22254247 0.556 2527 £2.71 29.65+1.79 0.018* 3327 +£3.31 3478 £3.00 0.305 4354 +£726 4098 +459 0441 4252 +£2.73 4462 +422 0249
Zygoma length 27.74 £2.78  30.34+2.73 0.065 31.08 £3.53 37.51+254 0.011* 36.58 £4.39 42.00 £3.21 0.008** 41944582 49.19+6.92 0.046* 44.89 +£5.54 51.19+537 0.040*
Zygoma superior curvature length 23.17 £2.07  23.10 £ 1.67 0.937 2523 +£354 2739+ 1.71 0.206 29.71 £3.78 2938 £1.60 0.812 3278+ 092  33.26+245 0.619 35.07+£1.90 3246 +2.87 0.046*
Bizygomatic width 72.56 £6.65 74.54+6.33 0.525 83.61 £582 87.57+4.86 0.226 98.99 £5.18 101.68 &+ 6.21 0.305 116.69 + 6.74 119.11 £+ 10.48 0.600 12690 £ 6.17 123.42 £ 6.52 0.293
Pterion-FZR/L 1472 +£2.85 1834+£297 0.018*  2040+234 23.80+235 0.013* 23.00+1.59 2625+1.81 <0.001** 29.10 +£3.54 32.14+4.41 0.1825 26.61 £2.97 33.18 547 0.009**
Projected length of pterion-FZR/L 10.48 £2.66  14.94 +£2.77 0.004** 11.80+3.23 18.77+1.77 0.002** 15.60 +4.46 21.314+226 0.005** 21.92+426 2552+434 0.144 19.09 +6.60  27.00 £3.82 0.020*
Rotated angle of pterion-FZR/L ~ 32.82 £8.05 25444949 0.083 41.71+£9.25 2999 £520 0.025%  38.61 £ 14.15 29.40 £5.09 0.096 35974+826 33.24+5.04 0472 40.97 £17.26 33.58 £5.64 0.313
Geometry of zygoma
UORR/L-FZR/L-ORR/L 96.59 £ 5.81 79.56 £5.89 <0.001** 93.02+7.63 85.07+4.84 0.0795 90.02 £7.58 80.74 £7.52 0.014* 91.07 £4.17 80.55+6.13  0.002** 9254 +582 8436506 0.012*
ZMR/L-FZR/L-ZTR/L 68.46 £2.69 81.67 £4.08 <0.001** 76.55+5.74 82.57+596 0.088 69.59 £4.24 82.124+493 <0.001** 71.95+6.68 84.44+7.70 0.005** 69.23 +7.83  89.33+599 <0.001**
ZMR/L-ZPR/L-ZTR/L 119.88 £9.06 121.79 +£3.94 0.611 119.61 £7.21 131.29 £5.68 0.017* 131.09 £ 8.59 133.72 +5.42 0.439 131.79 £3.62  134.61 £7.62 0.372 12722 £5.12  125.74 £8.92 0.684
ZMR/L-ZPR/L-FZR/L 102.66 +7.47 102.88 +3.97 0.941 96.82 £13.71 91.60 + 11.05 0.477 88.57 £17.88 77.98 +18.52 0.212 65.26 + 13.69 66.93 +10.68 0.799 65.00 £ 11.31 59.95+6.96 0.325
FZR/L-ZPR/L-ZXR/L 13427 £ 6.41 129.67 £4.59 0.124 132.21 £12.21 136.47 +£9.53 0.511 140.13 £9.89 140.97 +7.25 0.835 125.70 +21.90 145.06 £ 6.55 0.059 123.29 £22.83 133.28 £8.14 0.305
Midface
ZMR-ZML 40.95+4.80 3545+£3.56 0.024* 4823 £3.57 36904338 <0.001** 51.39+4.11 43.13+£4.94 <0.001%* 5579 +£6.51 47394628 0.025* 61.28 +1.84 49.58 £2.67 <0.001%*
ANS-PP 3722 +£3.68 38974224 0279 3943 £1.57 45.00£2.03 <0.001** 4557 £3.58 52.29+3.56 <0.001** 53.924+742 62.15+£535 0.034* 52.77+£3.99 61.77+£5.15 0.002**
ALR-ALL 15.18 £2.28 15.03 +£1.52 0.876 17.68 £ 1.11 16.73 £ 1.18 0.120 2091 +£2.28 1836+ 1.22 0.011* 2486 £1.76 2576 +13.57 0.858 2543 +£2.24 22054283 0.019*
NcR-NcL 16.95 +3.17 17.74 £ 1.47 0.548 19.14 +£3.34 2046 £ 142 0.390 2474 £243 2272 +245 0.084 29.14 £2.27 24854330 0.012* 29.70 £ 1.64  24.55+3.13 0.001**
N-Ro 11.89 £1.94 994+090 0.039* 13.57 £ 147 13.10+ 1.55 0.545 12.02 £8.60 1622+3.14 0.195 2340+3.82 19.53+585 0.150 2272 +£6.87 23.16+2.06 0.876
Ro-ANS 1496 + 1.57 1545+ 1.63 0.512 19.154+4.69 2093 +11.79 0.655 19.27 £12.62 22.75+2.96 0.439 26.88+3.36 27.82+3.07 0.587 2697 £3.05 30.47+5.05 0.110
Related cranial base measurements
Sphenoid greater wing angle 114.64 £ 14.64 103.03 = 7.66 0.086 117.07 £ 14.16 89.98 4 10.12 0.003**  113.82 +5.90 91.38 £7.20 <0.001** 118.52+9.07 86.17 £ 4.65 <0.001** 115.65 £8.57 85.01 £6.58 <0.001**
PPR-S-PPL 71.17 £4.58 71.86 £4.80 0.752 69.17£6.30 62.35+£4.25 0.072 7492 £ 745 63.81 £4.62 0.002** 7437 +7.67 61.78 £5.65 0.004** 70.63 £ 6.64 67.16 £5.53 0.288
N-S-PP 7829 £6.35 7640 £3.68 0.489 71.01 £526 7452 +4.57 0.237 80.85+5.22 76.30+3.38 0.042* 87.61 £594  79.46+£522 0.016* 81.83£5.96 7899 £3.52 0.290

# P-value: *P < 0.05; **P < 0.01.
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Fig. 7. Geometric angles of zygoma are shown on the CT scans of a 25-year-old female patient with Crouzon syndrome (right) and a control
subject (left) as an example. The angles (degrees) and distances marked are the average results for all subjects aged 062 years. Red lines show that
the angle was increased in Crouzon patients compared to controls, blue lines show the angle was decreased in Crouzon patients compared to
controls, and the black lines show angles that did not differ between Crouzon patients and controls. The line charts show the changes according to
age in the two groups.

consisted of seven patients, which is likely ~ individual variations. The predominance drome. Sex-matched controls were includ-
one of the largest unoperated adult Crouzon  of female Crouzon subjects is consistent ed in each age subgroup to counteract the
groups reported; yet they may have had with the sex distribution of Crouzon syn- potential influencing factors caused by sex.



In summary, the orbit, zygoma, and

maxilla in Crouzon syndrome form a com-
plete anatomical region, but each has its
individual developmental features. The
high and shallow orbital walls are distinc-
tive. The anteroposterior position of zygo-
ma is likely a principal deformity, rather

than the intrinsic distortion of the shape of

the bone. Maxillary widening developed
before the malformation of sphenoid,
which suggests a dual-thread regulatory
mechanism from the premature coronal
suture, influencing zygoma development,
which then in turn influences maxillary
movement.
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