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Background: Apert syndrome patients are different in clinical pathology, includ-
ing obstructive sleep apnea, cleft palate, and mental deficiency. These functional
deficiencies may be due to anatomic deformities, which may be caused by different
forms of associated suture fusion. Therefore, a classification system of Apert syn-
drome based on the type of craniosynostosis pattern might be helpful in determin-
ing treatment choices.

Methods: CT scans of 31 unoperated Apert syndrome and 51 controls were in-
cluded and subgrouped as: class I. Bilateral coronal synostosis; class II. Pansynosto-
sis; and class III. Perpendicular combination synostosis: a. unilateral coronal and
metopic synostosis; b. sagittal with bilateral /unilateral lambdoid synostosis; and c.
others.

Results: Class I is the most common (55%) subtype. The cranial base angulation of
class I was normal; however, the cranial base angulation on the cranium side of the
skull in class IT increased 12.16 degrees (P = 0.006), whereas the facial side cranial
base angle of class IITa decreased 4.31 degrees (P = 0.035) over time. The external
cranial base linear measurements of class I showed more evident reduction in ante-
rior craniofacial structures than posterior, whereas other subtypes developed more
severe shortening in the posterior aspects.

Conclusions: Bicoronal synostosis is the most common subtype of Apert syndrome
with the normalized cranial base angulation. Combined pansynostosis patients
have flatter cranial base, whereas the combined unilateral coronal synostosis
have a kyphotic cranial base. Class I has more significant nasopharyngeal airway
compromise in a vertical direction, whereas classes II and III have more limited
oropharyngeal space. (Plast Reconstr Surg Glob Open 2019;7:¢2158; doi: 10.1097/
GOX.0000000000002158; Published online 20 March 2019.)

Despite the similar phenotypic characteristics of
craniofacial malformations and syndactylism,"? 81% of
patients with Apert syndrome have obstructive sleep ap-
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nea, 76%-30% have cleft soft palate or bifid uvula, 70%
have vertebral fusions, 48% have mental deficiency, 24%
have cleft hard palate, and 10% have cardiovascular de-
fects.* The variations of incidence of these morpho-
logical and functional defects in Apert syndrome cause
questions: what is the primary reason of the high degree
of variable phenotypical expressions? If there are sub-
types in Apert, which are particularly related to specific
morphologies?

Multiple patterns of premature fusion of cranial vault
sutures exist in Apert syndrome, with the most common
bilateral coronal synostosis.'" Apert cranial base angula-
tion is inconsistent as well. It was described as more ob-
tuse than normal in studies of Kreiborg et al."? and Kitano

Disclosure: The authors have no financial interest to de-
clare in relation to the content of this article.

Supplemental digital content is available for this ar-
ticle. Clickable URL citations appear in the text.

www.PRSGlobalOpen.com 1


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

et al.,"”® but also normal dimensions are discribed.!* The
(protentional) relationship among cranial vault sutures,
cranial base, and facial characteristics have been recog-
nized, and the cranial vault suture is the probable anatom-
ic locus of disturbed growth.'™® Therefore, in this study,
from the point of vault suture synostosis, Apert syndrome
was classified into 3 subtypes, to explore the similarities
and differences among them, to propose more individual-
ized management plans.

This study was approved by the Yale Human Investi-
gation Committee (HIC 1101007932). Computed tomo-
graphic scans were obtained from all subjects without
any previous surgical intervention. Unoperated Apert
syndrome patients and age- and gender-matched controls
were included. All the CT scans are divided into 3 types
based on fully premature closure of sutures: class I. Bilat-
eral coronal synostosis; class II. Pansynostosis; and class
III. Perpendicular combination synostosis: a. unilateral
coronal and metopic synostosis; b. sagittal with bilateral/
unilateral lambdoid synostosis; and c. others.

Digital imaging was measured using Materialise soft-
ware (version 19.0; Materialise, Leuven, Belgium). The
Pearson correlation coefficients of interobserver (com-
pared with practiced observers R.S. and A.F.) and intraob-
server were >0.95. All the landmark points, generated lines
and angles were measured twice by the same observer. The
definitions of measurements were summarized (see table,
Supplemental Digital Content 1, which displays the defi-
nition of landmarks, http://links.lww.com/PRSGO/B25;
see table, Supplemental Digital Content 2, which displays
the definition of cephalometric distances, angles, ratios,
and planes, http://links.lww.com/PRSGO/B26). The
comparisons were produced between each subtype and
controls. The controls were reused and rematched for
each subgroup. The Wilcoxon signed-rank test was per-
formed using IBM SPSS Statistics 24 (IBM Corp., Armonk,
N.Y.).

Thirty-one unoperated Apert syndrome patients and
51 age- and gender-matched controls were classified as 3
subgroups. The class I. Bilateral coronal synostosis, n = 17;
class II. Pansynostosis, n = 6; and class III. Perpendicular
combination synostosis: a. unilateral coronal and metopic
synostosis, n = 3; b. sagittal with bilateral /unilateral lamb-
doidal, n = 3; and c. others, n = 2 (Fig. 1; Tables 1-2).
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Fig. 1. Age distribution of each class in Apert syndrome.
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Cranial Base

The entire cranial base length, from nasion (N) to ba-
sion (BA) reduced 12% (P = 0.012), with more evident
shortened anteroposterior lengths related to middle cra-
nial base (Fig. 2; Table 3). The distance from N to the sella
(S) and ethmoid-sphenoid (ES) reduced 13% (P=0.012)
and 11% (P=0.022), respectively. The distance S-BA, S to
sphenooccipital synchondrosis (S-SO), and S-ES decreased
13% (P =0.005), 20% (P = 0.005), and 14% (P = 0.028),

Table 1. Apert Syndrome Classification and Incidence of
Each Type

Percentage

Type Synostosis Characteristics (%)
Type I Bilateral coronal synostosis 55
Type I Pansynostosis 19
Type III Perpendicular combination of synostosis 10

a. Unilateral coronal + metopic synostosis 10

b. Sagittal + bilateral /unilateral coronal 6

synostosis

c. Others

Total 100

Table 2. Demographic Information of Apert and Controls

Group Apert Control P
Type 1
Number 17 33
Age (y) 1.37 1.40 0.95
AVE 2.12 1.89
SD
Gender
Male 9 18
Female 8 15
Type I
Number 6 12
Age (y) 12.17 12.31 0.98
AVE 10.68 10.40
SD
Gender
Male 1 5
Female 5 7
Type IlIa
Number 3 15
Age (y) 4.10 3.48 0.72
AVE 2.48 1.89
SD
Gender
Male 3 9
Female 0 6
Type IIIb
Number 3 16
Age (y) 9.00 9.11 0.97
AVE 3.61 3.17
SD
Gender
Male 3 9
Female 0 7
Type Illc
Number 2 4
Age (y) 2.03 1.94
AVE 0.04 0.41
SD 0.70
Gender
Male 0 2
Female 2 2

AVE, average; ACF, anterior cranial fossa width.
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Classification of Subtypes of Apert Syndrome

Fig. 2. Cranial base inner distances represented on sagittal view show the different changes in each subtype of Apert syndrome. Class |
developed more evident shortened anteroposterior length of middle cranial base. Class Il has a significantly shortened posterior cranial
base. Three subtypes of class Ill developed inconsistently decreased cranial base length.

respectively. The cranial base angulation, however, is nor-
mal (Fig. 3).

The external cranial base linear measurements showed
more evident reduction in the in anterior craniofacial
structures than posterior (Fig. 4). The distance between
posterior nasal spine (PNS) to N, ES, and S reduced 23%
(P=0.001), 23% (P=0.001), and 16% (P=0.039), where-
as the distance PNS-Ba grew parallel to normal.

Craniofacial Relationships

The angle from SN plane and Frankfort horizontal
(FH) plane to Maxillary (Mx) plane significantly increased
9.11degrees (P<0.001) and 7.44degrees ( P=0.008), re-
spectively. The angle between Mx and the occlusal (Occ)
planes decreased 7.99degrees (P = 0.004), accompanied
by slightly increased plane angles (see figure, Supplemen-
tal Digital Content 3, which displays the 6 facial anatomic
planes were used in this study. The angles among these
planes were measured for analyzingthe craniofacial re-
lationship differences among the 4 classes of Apert syn-
drome. Apert class I was used as reference, http://links.
Iww.com/PRSGO/B27).

The linear measurements, with the S as the refer-
ence point showed limited anteroposterior development
of entire facial structures. The distance S-ANS, S-A, and
S-B decreased by 20% (P < 0.001), 20% (P < 0.001), and
19% (P=0.003), respectively. The distances of S-Pogonion
(Pog), S-Gnathion (GN), S-Gonion (GO), and S-Articu-
lare decreased by 20% (P=0.003), 21% (P=0.003), 15%
(P =0.044), and 12% (P = 0.010), respectively, suggest-
ing the anterior facial structures developed more evident
length compromise than posterior facial structures.

Orbit

The orbit length was reduced by 19% (P < 0.001), but
with normalized orbit height, width, and outside hori-
zontal angle. The occupancy of ethmoid side angle and
sphenoid side angle of the outside horizontal angle was
greater, 17% (P<0.001) and 8% (P=0.002). Consequent-
ly, the inside horizontal angle was smaller 31% (P< 0.001)
(Fig. 5 and see figure, Supplemental Digital Content 4,
which displays the orbit horizontal angles illustrated in
each category, http://links.lww.com/PRSGO/B28). The
vertical angle increased 7.11degrees (P < 0.001). The
globe protrusion increased 127% (P < 0.001).

The relationship between the orbits bilaterally, the eth-
moid roll angle increased by 10.39degrees (P< 0.001), and
the distance between bilateral ethmoid midpoints increased
27% (P=0.002). Consequently, the angle between bilateral
optical axes was greater than 8.40degrees (P< 0.001).

Midface

The zygomatic anterior protrusion reduced 19% (P <
0.001), with increased zygoma transverse width (33%, P <
0.001). The angle among S and zygoma peak points (ZPR-S-
7ZPL) increased 21 degrees (P< 0.001); however, the distance
between the bilateral zygoma peak points (ZPR-ZPL) was re-
duced 15.04ml (P< 0.001). The distance ANS-PNS reduced
32% (P<0.001), and the distance between ASN and medial
pterygoid plate (ASN-PP), indicating the anteroposterior
Mx length, decreased 25% (P< 0.001). The nasal base width
narrowed 20% (P = 0.001) as well. In the vertical direction,
the distance Rhinion-ANS reduced 20% (P = 0.013). The
above results illustrated the midface aplasia developed in all
anteroposterior, mediolateral, and vertical directions.
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Table 3. The Measurement Results with Statistical
Significance of Class I (Bilateral Coronal Synostosis)

Class I
Bicoronal Control Rank Test

Index AVE SD AVE SD P
Cranial base
ACF 19.97 629 1158 271 <0.001t1}
N-BA 64.73 10.99 7358 1049  0.012%
N-S 43.16  7.81 4937 754  0.012%
N-ES 28.62 436 3217 479  0.022*%
S-BA 26.79 399 30.89 4.47  0.005}
S-SO 1271 343 1598 358  0.005t
SO-ES 2255 499 26.80 5.31 0.0107
SES 1516 380 17.61 4.01 0.028%*
Sphenoid greater wing 108.98 10.84 95.81 10.34 0.001F

angle
N-PNS 3435 9.84 4445 842  0.001f
ES-PNS 2091 593 27.16 544  0.001%
S-PNS 2494 5,50 29.59  6.11 0.039%*
S-ANS 46.31 841 57.86 9.01 <0.001t
BA-ANS 57.32 9.75 7034 888 <0.001}
S-ARR/L 35.72 692 40.68 523  0.010%
Craniofacial relationship
SN/Mx 1471 589 5.61 428 <0.001%
FH-Mx 8.18 10.84 0.74 444  0.008}
Mx/Occ 0.99 837 897 625  0.004}
SNA 7790 921 8598 386  0.002f
ANB 011 874 549 3.68  0.025*%
N-S-GN 66.79 11.43 5863 492  0.032*
S-A 46.13 824 5740 9.03 <0.001}
S-B 55.88 14.18 69.20 13.70  0.003}
S-Pog 59.09 14.95 7399 1524  0.003}
S-GN 59.75 15.73 75.60 15.69  0.003}
S-PNS 2494 549 2959  6.11 0.040*
S-GO 47.10 1290 55.18 10.88  0.044*
ANS-S 46.32 841 57.86 9.01 <0.001}
ANS-BA 57.32  9.75 7034 888 <0.001}
ANS-PNS 2452  6.60 36.18 546 <0.001f
Orbit
Orbit length 29.61 4.63 36.70 554 <0.001}
Vertical cone angle 6191 7.67 5480 4.06 <0.001}
GPR/L 1097  3.10 483 151 <0.001f
Visual axis length/ 1.30 0.1 1.06 0.06 <0.001+

orbital length
OrL-OrR 57.39 11.15 4846 5.33  0.002f
Bilateral optical axis 51.28 5.86 42.88 551 <0.001}

angle
Roll angle of ethmoid 598 388 -4.42 446 <0.001}
Ethmoid middle width ~ 21.47 622 1690 352  0.002}
Inside horizontal 0.75  0.19 1.06 0.08 <0.001}

angle%
Ethmoid side angle% 0.14 011 -0.04 0.07 <0.001}
Sphenoid side angle% 0.09 0.13  0.02  0.06 0.002t
Midface
Zygomatic protrusion 3453  6.37 4285 6.81 <0.001%
ZPR-S-ZPL 90.94 566 6991 7.71 <0.001}
ZPR-ZPL 69.68 13.20 84.72  6.09 <0.001%
Zygoma transverse 743 119 557 115 <0.001}

width
Zygoma length 28.60 735 3536 545  0.001%
Bizygomatic width 75.46 16.23 85.04 12.09  0.021*
ANS-PP 33.23 7.26 4419 599 <0.001%
NcR-NcL 1590 4.02 1995 282  0.001t
Rhinion-ANS 1536 379 19.16 7.90  0.013*
Mandible
COR-COL 56.48 11.40 67.63 9.28  0.002}
GOR-GOL 51.20 11.54 6247 9.02  0.001}
COR/L-GOR/L 2299 10.33 31.39 10.75  0.004f
GOR/L-Pog 4235 879 54.08 9.24 <0.001}
COR/L-Pog 56.26 13.32 7525 13.85 <0.001}
CO-GO/GO-Pog 049 0.09 059 016  0.013*
COR/L-A 51.17 9.88 68.37 9.86 <0.001}
*P < 0.05.

TP < 0.01. AVE, average; ACF, anterior cranial fossa width.
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Mandible

The mandibular linear measurements of Apertsyndrome
patients in this subtype presented holistic shortening. The
distance between bilateral condylions (COR-COL) and the
distance between bilateral GO (GOR-GOL) decreased 16%
(P=0.002) and 18% (P=0.001), respectively. The mandible
ramus height (COR/L-GOR/L) reduced 27% (P = 0.004).
The mandibular body length (GOR/L-Pog) and mandibu-
lar length (COR/L-Pog) decreased 22% and 25% (both
P<0.001). The mandibular angulations are normal.

Cranial Base

The entire cranial base length and the anterior cranial
base length grew almost normally (insignificantly shorter
than normal). The distances S-BA, S-SO, and S-ES reduced
22% (P=0.013), 30% (P=0.002), and 18% (P = 0.032),
respectively. The cranial base angulation in cranium side
(N-S-BA) increased 12.16 degrees (P=0.001), indicating a
more flat cranial base. The decreased distances of BA-PNS
(24%, P = 0.003), S-PNS (29%, P = 0.007), S-ANS (20%,
P=0.003), and BA-ANS (17%, P = 0.013) suggested a re-
duced volume of the entire upper airway (Table 4).

Craniofacial Relationship

The SN-FH angle increased 8.21 degrees (P = 0.001),
the SN-Mx angle increased 8.06 degrees (P = 0.003), and
the SN-MP and SN-MRP angles significantly increased
19.32degrees (P < 0.001) and 12.97 degrees (P = 0.002),
respectively. Relative to the FH plane, the Occ plane was
rotated anticlockwise by 5.87degrees (P=0.041). The an-
gles N-S-PP, N-A-Pog, and N-S-GN increased 8.79 degrees
(P=10.003), 19.74degrees (P < 0.001), and 13.86 degrees
(P < 0.001), respectively. The angle S-N-Pog decreased
9.28degrees (P = 0.027). These changed angles and re-
duced distances indicating the holistic shortening of facial
structures anteroposteriorly and developed a posterior
and inferior rotation, relative to the cranial base.

Facial Feature

The orbit length reduced 26% (P < 0.001), whereas the
orbit height increased 16% (P = 0.001), with the normal-
ized orbit width, but a less inside horizontal angle (24%,
P=0.001). The relative position of bilateral orbits developed
wider. The angle between bilateral optical axes was greater by
13.05degrees (P=0.024) when compared with controls. The
zygomatic anterior prominence was reduced 20.92mm (P <
0.001), with reduced Mx anteroposterior length (P=0.018),
but the mediolateral width of midface was within the normal
range. The mandible had a similar size versus controls.

Class IIla. Unilateral Coronal with Metopic Synostosis
Cranial Base

Apert syndrome patients in this group did not have
statistically significant widened anterior cranial fossa
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Class | bilateral coronal synostosis Class |l pansynostosis

Class Ill-c others e

Fig. 3. The geometric graphs show the changes of cranial base angulations. Class Il had more obtuse cranial base angulation in cranium
side (N-S-BA), with a thinner cranial base. Class llla had narrower N-SO-BA angle, indicating the kyphotic cranial base on the “facial side,” of
this subtype. Class lllb had narrower N-S-BA, with a thicker cranial base. The cranial base angles of classes | and llic grew parallel to normal.
Dotted lines represented controls, and the bold lines represent Apert syndrome.

Fig. 4.The external cranial base linear measurements show classes | and lllb have more evident reduction distances in anterior craniofacial
structures than posterior, suggesting linkage to the more limited nasal and nasopharyngeal airway space. The entire upper airway of class
Il is compromised. Class llla has more limited oropharyngeal space. The numbers marked in figures are the percentage changes of each

subgroup compared with controls.

or shortened overall cranial base length. They devel-
oped shortened anteroposterior length of the sphenoid
(P = 0.002). The angles N-S-SO were less 11.29 degrees
(P=0.017) (see figure, Supplemental Digital Content 5,
which displays the complete set of all measurement results
of all categories, http://links.lww.com/PRSGO/B29).
The shortened distances BA-PNS (24%, P = 0.002) and S-
PNS (22%, P = 0.002) suggested the significantly reduced

volume of pharyngeal airway. The distance of ANS-Ba re-
duced 18% (P = 0.002), indicating a shortened midfacial
anteroposterior length.

Craniofacial Features

Relative to the SN plane, the Mx plane and mandibu-
lar plane rotated clockwise 9.84degrees (P = 0.002) and
16.62degrees (P = 0.005), respectively. The angle FH-Mx
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midplane

(D-OFR-®): outside horizontal angle
D-0FR-®): ethmoid side angle
(2-0OFR -@: sphenoid side angle
(3-0OFR-@: inside horizontal angle

made the most contribution by 8.74degrees (P = 0.002).
The angles SNA and ANB reduced 11.11 and 6.31 degrees
(both P=0.02). The angle N-S-GN widened 12.77 degrees
(P=0.005), whereas the angle S-N-Pog narrowed 7.26 de-
grees (P = 0.005). Orbital and midfacial features of this
group Apert were similar to class I, except for the normal-
ized mandible and increased Mx width (ZMR-ZML) (22%,
P=0.010).

Class IIIb. Sagittal and Bilateral /Unilateral Lambdoidal
Synostosis
Cranial Base

The anterior cranial fossa width is increased 79%
(P=0.005), with the shortened, entire, cranial base length
(11%, P = 0.005). The cranial base angulation in cranium
side (N-S-BA) reduced 10.78degrees (P = 0.005), whereas
the angle in facial side is parallel to controls (Fig. 3). The
external linear measurements showed the more evident lim-
ited subcranial distance anteriorly than posteriorly. The dis-
tance between N-PNS and ES-PNS reduced 22% (P=0.005)
and 24% (P=0.022). Both distances from ANS to S and BA
were reduced, by 17% and 22% (both P=0.005).

Craniofacial Features

The planar angle FH-Occ increased 7.23degrees
(P = 0.005), indicating a clockwise-rotated Occ plane,

6

Fig. 5. Orbital special measurements are illustrated.

(1-OFR to (5)-OFL: angle between bilateral orbits
(@)/(®-OFR/L to midplane: roll angle of ethmoid
@)-®): ethmoid middle width

which is different from other subgroups. The angles
SNA and ANB reduced 15.15 and 12.03degrees (both
P = 0.005), with the normalized SNB. The point A was
retreated 11.50mm (P=0.011), based on Wit’s measure-
ments. These findings are consistent with the significant
retrusive midface structures. Other facial features were
similar to class II.

Class IIlc. Others

Apert patients in this subgroup have bilateral coronal
and bilateral lambdoidal synostosis with/without metopic
synostosis at the same time. Because of a lesser frequency
and disparate pathologies, no statistical comparison could
be made accurately. Findings, however, are presented for
completeness.

The sphenoid greater wing angle was normalized, but
the separation of lateral PPs was increased by 8.41 degrees.
The distances from PNS to ES, S, and BA reduced 16%,
33%, and 34%, respectively. Both distances from ANS to S
and BA was reduced by 23%. The occlusive plane was ro-
tated anticlockwise, represented by the reduced FH-OCC
plane angle (15.34degrees), and resulted in the reduced
Mx-Occ angle (13.02degrees) and increased Occ-MP an-
gle (19.14degrees). The angles of SNA and ANB were re-
duced 18.82 and 20.82degrees, respectively. The point A
was retro positioned by 12.78 mm, based on Wit’s measure-
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Table 4. The Measurement Results with Statistical
Significance of Class Il (Pansynostosis)

Class II
Pansynostosis ~ Control Rank Test

Index AVE SD AVE SD P
Cranial base
ACF 26.72 431 1691 430 <0.001t
S-BA 31.65 4.54 40.63 5.93  0.013*
S-SO 1547 1.81 22.00 5.08  0.002}
SO-BA 1731 2.10 2292 3.34  0.001}
SO-ES 28.76 3.53 34.83 6.37  0.083
S-ES 18.57 193 2259 457  0.032*
Sphenoid greater wing 118.04 758 89.79 6.22 <0.001}

angle
N-S-BA 140.87 6.99 128.72 4.63  0.001}
BA-S-ES 139.03 9.39 127.76 6.84  0.024*
BA-PNS 31.18 5.83 40.92 4.66  0.003t
S-PNS 29.33 594 4158 821  0.007t
S-ANS 59.95 6.96 75.28 11.44  0.003}
BA-ANS 72.57 9.07 87.89 11.30  0.013*
Craniofacial relationship
SN/FH 16.22 3.87  8.01 390  0.001t
SN/Mx 1481 7.06  6.75 3.10  0.003*
SN/MP 53.66 3.77 34.34 493 <0.001}
SN/MRP 98.76 3.55 85.79 815  0.002}
FH/Occ 416 517 10.03 548  0.041%
FH/MP 36.25 4.77 2752 543  0.006}
Occ/MP 33.37 421 16.32 3.23 <0.001}
SNA 67.00 424 8486 541 <0.001%
SNB 7298 4.23 8098 7.30  0.019*%
N-S-PP 86.96 558 78.17 3.48  0.003f}
N-A-Pog 191.98 6.27 17224 6.77 <0.001%
N-S-GN 7821 2.05 6435 5.25 <0.001f
S-N-Pog 71.65 4.84 8092 7.28  0.027*
SA 57.45 7.35 7496 11.98  0.003+
S-PNS 29.33 594 4158 821  0.007}
ANS-S 59.95 6.95 75.28 11.44  0.003f
ANS-BA 72.56 9.05 87.89 11.29  0.013*
Wit’s 860 572 324 3.31 <0.001f
Orbit
Orbit length 3428 4.06 46.26 5.18 <0.001F
Orbit height 38.36 237 33.07 275 <0.001%
Orbital rim angle 108.10 6.72 11859 4.40  0.003}
GPR/L 1392 243 570 211 <0.001%
Visual axis length/orbital 1.39 0.12 1.03 0.04 <0.001}

length
UORL-UORR 65.72 7.09 5208 6.95  0.0071
Cornea r-cornea 1 70.73 7.99 5842 7.67  0.007*
Bilateral optical axis angle  52.63 9.18 39.58 2.02  0.024*
Outside horizontal angle ~ 67.62 3.53 56.97 3.43 <0.001}
Ethmoid middle width 30.24 4.28 24.88 4.66  0.053
Inside horizontal angle% 0.76 0.11 1.00 0.07  0.001}
Ethmoid side angle% 0.16 0.05  0.06 0.07 0.010%
Midface
Zygomatic protrusion 42.44 372 63.36 23.54 <0.001}
ZPR-S-ZPL 96.18 550 84.81 952  0.013*%
Zygoma length 38.41 3.66 44.84 6.41  0.024*
ANS-PP 46.85 544 5577 7.31  0.018*
Mandible
ARR/L-GOR/L-N 52.02 5.69 60.74 7.08  0.037*
N-GOR/L-Men 7820 1.61 6578 2.73 <0.001%
COR/L-A 69.18 8.62 88.13 13.07  0.007}
*P<0.05.

1P < 0.01. AVE, average; ACF, anterior cranial fossa width.

ments. These findings are consistent with the significant
retrusive midface structures. Apert syndrome patients in
this group developed higher orbit height with normal or-
bit length and width, which is different with the other 3
groups. The orbital rim angle was narrower by 14.27 de-
grees. The globe protrusion was increased by 247%, which
is the most severe, and resulted in a bigger ratio of visual
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axis length to orbital length (33%). The distance of MOR-
MOL, UORR-UORL, and OrL-OrR showed almost pro-
portionate increase. The maxilla was anteroposteriorly
shortened by 20% and was mediolaterally narrowed when
measured by bilateral ] points (15%). Correspondingly,
the nasal base width (NcR-NcL) decreased 12%.

Bilateral coronal synostosis is the most common sub-
type in Apert syndrome."" Other combinations include
unilateral coronal synostosis, metopic or lambdoid synos-
tosis, and interdigitation of them, but combined with sag-
ittal synostosis is rare.''® Interaction effects among vault
sutures, cranial base, and facial features, the premature
fused vault sutures may make more contributions to the
malformed craniofacial features,'*'> compromised respira-
tory, and visual impairment of Apert syndrome.'”!® There-
fore, fully premature fusion of these sutures was used as
the criterion for classification in this study.

In this study, Apert syndrome developed classic brachy-
cephaly, increased anterior cranial fossa width, accompa-
nying with the increased sphenoid greater wing angle, and
most evident a shortened cranial base length.® Overall, the
cranial base angulation of most Apert patitents in the sag-
ittal plane is normal, except for a slightly flatter cranial
base angle in class II and kyphotic cranial base in class
IITa, which explains the inconsistent results of cranial base
angulation measurements of Apert syndrome in past stud-
ies. Kreiborg et al."”? and Kitano et al.”® reported increased
cranial base angle, but in the most, the cranial base angu-
lation was documented as normal.'* The cranial base an-
gulation in sagittal plane of unilateral coronal synostosis
in both syndromic and nonsyndromic craniosynostosis was
not fully studied, except their deviations from midline.'**

The external cranial base linear measurements illus-
trate variants among subtypes, although most of them
were reduced, when compared with normal controls.
The Apert class I has more evidently reduced distances
from anterior and middle cranial base to the PNS, with
a normal distance between BA and the PNS. This result
indicates a more limited nasal and nasopharyngeal space,
than oropharyngeal space, when bilateral coronal synos-
toses occur in Apert syndrome. However, in class II, from
anterior to posterior, the degree of reduction in length be-
tween cranial landmarks and the PNS was more marked.
This is associated with a significantly reduced distance be-
tween BA and the PNS, indicating a smaller oropharynx.
Considering class I (bilateral coronal synostosis) accounts
for 55% of all Apert subjects in this study; these findings
explained the variability of airway compromise of Apert
syndrome patients in previous reports: most of Apert chil-
dren were tracheotomized in their early infancy, but only
a small percentages in older patients.?' After cleft palate
repair, some patients have greater airway compromise be-
cause the additional nasopharyngeal airway provided by
the open cleft was diminished.?'

This diversity was supported by Calandrelli et al.,”? who
deemed the airway obstruction is more sensitive to the pat-
tern of premature synostosis, rather than a certain cranio-
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synostosis syndrome. Furthermore, for Apert class I, the
surgical intervention including downward vertical move-
ment of the midface, in addition to horizontal advance-
ment, is expected to protect the respiratory function,
whereas classes II and IIla and Illc need more anterior
advancement, or tonsillectomy and adenoidectomy as ad-
junctive procedures.®

Meanwhile, the relative position, morphology, and
structure of mandible may be another contributor to
respiratory compromise.? In class I, the linear measure-
ments with S as reference points, the distance from S to
the middle and lower facial landmarks of class I patients,
developed wide spread decreases. These proportionate
reduced diameters of maxilla and mandible to the S in-
dicate a mutual adaptation and displacement of them.
The volume of maxilla and mandible was slightly small-
er compared with unaffected individuals in all subtypes,
but without significant statistical difference. This is as the
same finding in the studies of Forte et al."* and Calandrelli
et al.? The significantly reduced mandibular bicondylar
distance and GO distance reflect restricted horizontal de-
velopment of oropharyngeal width, suggesting for class
I patients, the respiratory problems potentially are more
acute in the nasal and nasopharyngeal levels (limited ver-
tical dimension) and oropharyngeal levels (limited trans-
verse dimensions), and vector specified interventions on
them may be more effective in increasing airway paten-
cy.?% Le Fort osteotomies advocated by Tessier?” are based
on horizontal movement rather than vertical. This may ex-
plain why the airway seems been enlarged after Le Fort I/
IIT or monobloc advancement, but there is no significant
relationship between advancement and airway volume
changes, and no respiratory improvement.?** Mandibular
advancement seems to be needed to create more space at
the level of hypopharynx, especially for classes II and Illa
and IIIc.*

Orbital malformation is another characteristic of Ap-
ert, and it is diverse among these subgroups. The shorten
anteroposterior orbit length was developed in all subtypes,
but the coronal synostosis subgroups (I and IIla; Fig. 5;
see figure, Supplemental Digital Content 4, which displays
the orbit horizontal angles illustrated in each category,
http://links.Iww.com/PRSGO/B28) have more evidently
increased orbit height and vertical cone angle. Mean-
while, they have significantly smaller inside horizonal
angle than other subtypes, associated with the prominent
anterior lateral orbital wall and expanded mediolateral
medial orbital wall, related to misshaped sphenoid and
ethmoid bones.?!%

The nonsyndromic coronal synostosis patients also
developed brachycephaly and a shorter anterior cranial
fossa, elevated sphenoid, and shallow orbit,'>** which is
similar to Apert syndrome patients. But the most marked
protrusion of the lateral orbital wall is evident in Apert
classes I, I, and IIla. It is postulated that the premature fu-
sion of coronal sutures, which limited the anterior expan-
sion of anterior cranial base, the orbital upper wall, and
limited the anteroposterior growth of middle cranial base,
the bent and backward rotated sphenoid, changes the di-
rection of the middle cranial fossa, and results in a curved
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lateral orbital wall.** The lateral ballooning of ethmoid
is also found in other forms of craniosynostosis,” but the
exaggerated protrusion of the lateral orbital wall is doc-
umented only in Apert syndrome to our knowledge.**!
There is a reduced occupancy of the effective horizonal
space (the inside horizonal angle, Fig. 5) in the bony or-
bit. In this situation, frontofacial bipartition distraction,
as the combination of the advantages of facial bipartition
(correcting hypertelorism) and the advantages of monob-
loc distraction (advancing the midface), could be helpful
to correct the orbital malformation and the anteroposteri-
or midface hypoplasia at the same time.?**? Furthermore,
the comparison in bilateral coronal synostosis between
syndromic and nonsyndromic craniosynostosis could be
helpful to illustrate the individual effect of syndrome and
coronal suture system on craniofacial, especially the or-
bital, development.

The limitation of this study is the relative small number
of patients in classes II and III. The requirement for this
study was no previous surgical intervention. As Apert syn-
drome is a relatively uncommon from of craniosynostosis
(occurs in approximately 1 in 65,000-88,000 newborns)**
and classes II and III have a lower frequency of occurrence
compared with class I, we decided to present the current
data anticipating that it would be unlikely significant num-
bers added to these two groups over many years. However,
optimally, it would ideal to have CT scans at a single time
point as this might have impacted subtype classification.
It is unreliable to speculate on the natural progression of
the sutures fusion in Apert syndrome patients, due to the
surgical interventions. Therefore, a further longitudinal
study is needed to clarify the duration of the classification
of each patient. Second, we did not collect data of the real-
time respiratory function assessments or sleep study of pa-
tients. However, conjoint analysis of respiratory function
outcome and cephalometric measurement could reveal a
correlation between function and structure malformation
of this particular group of patients. The present dataset,
however, is designed to fast define accurately, anatomic
detail of the Apert craniofacial skeleton and densely rele-
vant to provide useful information. In this study, our focus
was to specifically address the anatomy details of each sub-
type to ultimately take into account the relative anatomy
distortions of the airway construction, to any airway com-
promise. Finally, we do not have the access of the genetic
information of all our Apert patients. However, the corre-
lation between each subgroup and their genetic features
is a study on which we are working.

Bicoronal synostosis is the most common subtype of
Apert syndrome (class I) with a normalized cranial base
angulation. However, the Apert syndrome combined pan-
synostosis (class II) has flatter cranial base, whereas the
combined unilateral coronal synostosis is associated with
a kyphotic cranial base. Class I has more significant naso-
pharyngeal airway compromise in the vertical direction,
whereas classes II, IIla, and IIIc have more limited oro-
pharyngeal space. Meanwhile, the restricted horizontal
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development of oropharynx caused by narrower mandible
worsens the respiratory obstruction in class I.
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