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for Fgfr2, FgfroNeoS252W  Fofyr29292W  (Cre, and sFGFR2IIIc522%-3xFLAG. The primers for
Feofrd, Fgfr2NeoS252W — Fofp25252W  and sFGFR2II1c522W-3xFLAG have been described
previously (Holmes et al., 2009; Suzuki et al., 2012) (Fig. 1A, B). The primers for Cre were

5 -CCTGTTTTGCACGTTCACCG-3' and 5 -ATGCTTCTGTCCGTTTGCCG-3" (290 bp)

(Fig. 1B). All experiments were performed in accordance with protocols certified by the
Institutional Animal Care and Use Committee of Tokyo Medical and Dental University

#01202724).

Protein preparation and western blot analysis

Serum was collected from wild-type and ~3V§FGFRZ’}]’IICS'252W mice. FLAG-tagged
sFGFR2II1cS252W protein was purified usmg a F LAG M Purification Kit (Sigma, St. Louis,
MO, USA) according to the manufacturer mstructlons Samples were loaded onto a 10%
SDS-polyacrylamide gel and tran:sferredk_tck) a polyvinylidene difluoride membrane
(Amersham Biosciences, Piscatawyay,z"Nj ;k"U’SA). The membrane was incubated with an anti-
FLAG antibody (Sigma), and t}iélkl"’;pr‘obed with a horseradish peroxidase-conjugated anti-
mouse IgG (Cell Slgnahng, Danvers MA, USA). Bound antibodies were detected using an
ECL Plus Western Blottmg Detectmn System (Amersham Biosciences) according to the

manufacturer’s mstru,ctmns.

1CT imaging protocols of mouse skulls

All mouse samples were scanned at 45 kV, 200 pA, and 12 pm/voxel using a high-resolution

X-ray micro-CT system (SMX-100CT; Shimadzu, Kyoto, Japan). BMD, calvaria, and IFS

John Wiieylg Sons, Inc.
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width were calculated from the raw data by three-dimensional image analysis software
(TRI/3-D-BON; Ratoc, Tokyo, Japan). Portions were considered bones with a BMD of more
than 120 mg/cm3. The position of the skull images was calibrated based on the skull base
and midline. In coronal section images that showed the narrowest sagittal suture, ROIs
were defined as 20 pixels in width and 30 pixels away from the tip of the parietal bone. The

IFS width was measured in frontal view with a BMD threshold in 300 mg/cm3.

Histological analysis

Tissues were fixed in 4% paraformaldehyde/PBS or 10% foki:mtéyi'in and embedded in paraffin.
Serial transverse sections (10 pm) were stained Wlth ‘:hexhatoxylin and eosin (H&E). To
visualize calcium deposits and acid mucosubstances, the IFS was stained with Alizarin red

and Alcian blue, respectively.

Statistical analysis

Kruskal-Wallis and Dunns post hec tests were used to assess the differences in body weight,
BMD, and IFS Wldth Chl square and Fisher’s exact tests were used to evaluate phenotypic
differences. Ch1 squale tests were used to evaluate differences in the birth prevalence of
each genotype from the expected ratio. A p-value of <0.05 was considered statistically

significant. Bonferroni corrections were applied for multiple comparisons.
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Figure legends
Fig. 1. Generation of the Apert mouse model with sFGFR2IIIc5252W

(A) Genome structure of the region encompassing exons 6 and 7 of the FGFR2 gene in wild-
type and mutant alleles. Primers a, b, and ¢ and the length of PCR products are denoted.
(B) Mating strategy and genotyping. Male mutant mice carrying FElla-Cre and

sFGFR2IIIcS%2W transgenes were first generated, and then crossed Wlthi FgﬁQNe" 5252W mice.

Genomic DNA was extracted from tail tissue and subjected to‘ PCR Wlth the respective

e FGFR2I][09252W. Serum

primer sets to determine the genotype. (C) Expression of sol
was collected from sFGFRZIIIS?V mice and examined for soluble FGFR2IIcS#?¥ by
western blotting with an anti-FLAG antibody. The FLAGBAP control fusion protein

(Sigma) was used as a positive control.

Fig. 2. Gross appearance (A) and bodyﬂwe"‘ightl (B) phenotypes
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(A) Wild-type, Ella-Cre Fgﬁ‘?ﬂ\’e" 55w (Ap) and Ella-Cre sFGFR2IIIcS?52W Fgfy2+NeoS252W
(Ap/Sol) mice at P1. (B) Body Wexghts of wild-type, Ap, and Ap/Sol mice. Mice (wild-type, Ap,
and Ap/Sol) were We1ghed at Pl. The thick lines indicate the median, and the upper and

lower lines show the first and third quartile, respectively. *p < 0.05 (Dunn’s test).

Fig. 3. Calvarial bone phenotypes

(A) Micro-CT images of the calvaria in wild-type (a, d, g), Ap (b, e, h), and Ap/Sol (c, f, i)

mice at P1. Left (a—c), right (d—f), and frontal (g—i) views are shown. White arrowheads in b
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and e and white arrows in g—i indicate premature fusion of the CS and the IFS, respectively.
fb, frontal bone; pb, parietal bone. Scale bar, 2 mm. (B) Frontal views of the calvarial bone
mi(;ro-CT analysis data of wild-type (a), Ap (b), and Ap/Sol (c) mice at P8 were used to
reconstruct three-dimensional images with TRI/3-D-BON software. Red arrows in k
indicate patency of the IFS. fb, frontal bone. Scale bar, 4 mm. (C) BMD of the parietal bone.
BMD was calculated based on micro-CT data by TRI/3-D-BON software. The thick lines

indicate the median, and the upper and lower lines indicate the. flrst and third quartile

BMD of the parietal bone, respectively. (D) IFS width at Pl IFS Wzdths with a BMD

threshold of 300 mg/cm?® were measured based on the fronta} mK:lO CT image. The thick

lines indicate the median, and the upper and lower thnes‘ ~fmd10ate the first and third

quartile IFS widths, respectively.

Fig. 4. Histological analysis of the CS andIFS

(A) Sections of the CS were prepgré&‘ffdfﬁ wild-type (a), Ap (b), and Ap/Sol (¢c) mice at P1.
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Sections were stained with H&E"'ly‘il‘aé’a’rrow in b indicates premature fusion of the CS in Ap
mice. fb, frontal bone; pb pahetal boné Scale bars, 50 um. (B) Sections of the IFS were
prepared from wild- type (a d g) Ap (b, e, h), and Ap/Sol (c, f, i) mice at P1. Sections were
stained with H&E (a—c) Ahzarm red (d-f), and Alcian blue (g—i). The arrowheads in b, e,
and h indicate ectoplc bones in the IFS of Ap mice. The yellow dashed lines in g, h, 1

indicate frontal bones. fb, frontal bone; pb, parietal bone. Scale bars, 100 um.
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Table 1 Genotyping of P1 pups.
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= N & N SN N IS ISR
g a S § % ¢% Mg Ng§
R R A R R K Ry &
wn « el w
Mutant 1322 23147 17777 826 10.74 1570 7.03° 413"
frequency (%) (32/242)  (56/242)  (43/242)  (201242)  (261242)  (38242)  (17/242)  (10242)
Expected R
frequency (%) 12 12.5 12.5 12.5 12.5 125 125 12.5

* Statistically significant at p <0.05

** Statistically significant at p < 0.001
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Table 2 Incidence of AS-like phenotypes.

Frequency p-value

wild-type Apvs wild-type

Phenotypes wild-type Ap Ap/Sol vs Ap Ap/Sol  vs Ap/Sol

0% 68.75 % 0%

©O16)  (11/16)  (0/12) <0.0001"™"  0.0003 1.0000

CS irregularity
0% 77.78 % 50 %

Widened IFS (0/9) (7/9) (3/6)

0.0023" 0.3287 0.0440

0% 77.78 % 0%
(0/9) (7/9) (0/6)

* Statistically significant at p <0.05 after Bonferroni correction..

|| IFS with ectopic bones 0.0023"  0.0070" 10000

** Statistically significant at p <0.01 after Bonferroni correction. R

*#% Statistically significant at p <0.001 after Bonferroni cor'ry‘éc‘tion.\"
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Long-term stability of LeFort 111 distraction
osteogenesis with a rigid external distraction
device in a patient with Crouzon syndrome

Shingo Kuroda,? Keiichiro Watanabe,” Kyoko Ishimoto,” Hideki Nakanishi,® Keiji Moriyama,® and Eiji Tanaka®

Tokushima and Tokyo, Japan

A 6-year-old boy, diagnosed with Crouzon syndrome, had moderate exorbitism, a concave profile, an anterior
crossbite of —4.0 mm, and a skeletal Class Il jaw-base relationship caused by midfacial hypoplasia. At age 8
years 9 months, a LeFort lIl osteotomy was performed, and distraction osteogenesis was immediately started
with the rigid external distractor system. The midface was advanced approximately 10.0 mm for 6 days, including
overcorrection. After the distraction, a reverse headgear was used for 6 years to prevent relapse and to accel-
erate expected growth. At age 16 years 5 months, after extraction of the maxillary first premolars and mandibular
third molars, 0.022-in preadjusted edgewise brackets were placed to treat the edge-to-edge incisor relationship
and minor crowding. After 13 months of treatment, the facial profile was significantly improved, and an accept-
able occlusion was achieved. During the 9-year observation period after the distraction, acceptable facial growth
occurred, and no relapse of the maxillary advancement was observed. However, syndrome-specific growth and
methodologically induced relapse should be considered when planning a LeFort lli distraction in children for the

treatment of Crouzon syndrome. (Am J Orthod Dentofacial Orthop 2011;140:550-61)

% rouzon syndrome is an autosomal dominant con-
dition characterized by craniosynostosis with as-
=sociated dentofacial anomalies.”® Especially,
exorbitism and midfacial hypoplasia are known as
pathognomonic symptoms. Patients with Crouzon
syndrome often require orthodontic or orthopedic
treatment, because of their esthetic and functional
problems, such as a Class 111 malocclusion and
midfacial hypoplasia. For several decades, severe cases
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of Crouzon syndrome were treated mainly by
maxillofacial advancement with LeFort 111 osteotomy,
and this surgical procedure provides good treatment
results with long-term stability.>™ ;

Recently, distraction osteogenesis has evolved as
a new mainstream surgical technique for patients with
Jjaw deformities since the first application of mandibular
lengthening was reported in 1992.° Distraction osteo-
genesis for maxillary advancement started in 1993 and
is now widely used in patients with skeletal Class 111 mal-
occlusion caused by maxillary hypoplasia.'’"® Two
types of distraction devices have been used for
maxillary advancement: internal and external. The
rigid external distraction system, first reported in 1997
by Polley and Figueroa,'? consists of the external dis-
traction devices that have been used for a decade. This
approach allows management of patients from child-
hood to adulthood, with excellent and predictable func-
tional and esthetic outcomes.'*'®

For the treatment of craniosynostosis, distraction
osteogenesis is currently popular; several reports show
the acceptable consequences of midfacial advance-
ment.'”?% A 1-year follow-up cephalometric study
showed adequate stability of midfacial advancement
with distraction osteogenesis in craniofacial dysosto-
sis.?! Fearon?? also reported that the maxilla remained
stable after LeFort 111 halo distraction without relapse

— 368 —



Kuroda et al

551

Fig 1. Preireatment photographs.

for up to 5 years postoperatively. However, there are few
reports of long-term detailed observation after LeFort 111
distraction in patients with Crouzon syndrome, and the
prognosis of LeFort 111 distraction performed in child-
hood is still unclear.

This article demonstrates good prognosis for LeFort
1M distraction with the rigid external distractor system
performed in the mixed dentition in a patient with Crou-
zon syndrome.

DIAGNOSIS AND ETIOLOGY

A boy, aged 6 years 8 months, had a chief complaint
of anterior crosshite. He was diagnosed with Crouzon
syndrome at Tokushima University Hospital in Japan,
and his mother also has the same syndrome. He was sus-
pected of having obstructive sleep apnea syndrome,
since he had chronic nasal obstruction and significant
snoring during sleep. Moderate exorbitism and a concave
profile from midfacial hypoplasia were noted (Fig 1). An
anterior crossbite of —4.0 mm was observed, and the

merican Journal of Orthodontics and Dentofacial Orthopedics

terminal plane occlusion was a mesial-step type on
both sides (Fig 2).

The cephalometric analysis, when compared with the
Japanese norm, showed a skeletal Class 111 jaw-base re-
lationship (ANB, —4.2°) because of a severe maxillary
deficiency (SNA, 71.8°).2% The body length and the ra-
mus height of the mandible were almost in the normal
range, but the facial convexity was significantly in-
creased (Fig 3, Table).

TREATMENT OBJECTIVES

The patient was diagnosed as having a Class 111 mal-
occlusion, with a skeletal Class 111 jaw-base relationship
caused by midfacial hypoplasia. The treatment objec-
tives were to (1) correct the midfacial hypoplasia and
the concave facial appearance, (2) correct the anterior
crossbite and establish ideal overjet and overbite, (3)
achieve an acceptable occlusion with a good functional
Class 1 occlusion, and (4) improve the tendency for sleep
apnea with chronic nasal obstruction and significant

October 201 1

— 369 —

Vol 140 e Fsued



Kuroda et al

Fig 2. Pretreatment dental models.

Fig 3. Pretreatment radiographs.
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Table. ‘Cephalometric summary

After DO
Mean, Japanese male* Pretreatment ~ Before DO 1 week 3 years 6 years 9 yfars'r
Variables 8y SD  Adult SD 6y 9 mo 8y 3 mo 8y9mo 1ly5mo 14y5mo 17y6mo

L1-MP 91.9 7.3 95.2 6.2 85.5

76.0 85.9 88.6 92.0 86.2

2.9 115.6

45.3 42.3 44.6 45.7 42.5

snoring. Since the cause of the anterior crossbite, the
prognathic profile, and the tendency of sleep apnea
was suggested to have been the midfacial deficiency,
we planned to advance the midface with distraction os-
teogenesis and LeFort 111 osteotomy after complete
eruption of the maxillary incisors and first molars.

TREATMENT ALTERNATIVES

Several procedures were explored to achieve a proper
facial profile and an acceptable occlusion. Although
conservative treatment of maxillary growth modification
with maxillary protraction headgear and then multi-
bracket appliances were considered effective to improve
the patient Class 111 malocclusion without surgical inva-
sion, this method could not correct the severe skeletal
disharmony caused by midfacial dysplasia, exorbitism,
and sleep apnea.

So we planned surgical-orthodontic treatment to im-
prove facial appearance. For midfacial advancement, we
could use either a traditional LeFort Tl osteotomy and
immediate repositioning of the distal fragment, or dis-
traction osteogenesis after the osteotomy. Both proce-
dures usually provide stable treatment results, but we
chose distraction for this patient, since he was still

American Journal of Orthodontic

growing and required a large amount of midfacial ad-
vancement to treat the midfacial dysplasia and exorbi-
tism. We could also possibly plan the orthognathic
surgery during adulthood, but continued impaired
breathing could lead to obstructive sleep apnea.

For the distraction device, we selected a rigid external
distractor system, because it has several advantages
compared with the internal device: simple placement,
flexibility to control the protraction direction, and no re-
quired second operation to remove the device.

TREATMENT PROGRESS

At the age of 7 years 5 months, the patient under-
went a cranioplasty. At age 8 years 9 months, the LeFort
11T osteotomy was performed, and a rigid external dis-
tractor (KLS Martin, Tuttlingen, Germany) was placed
on the cranial bones at the same time (Fig 4). Osteogen-
esis was started immediately after surgery. The maxilla
was advanced approximately 10.0 mm over a 6-day pe-
riod, including overcorrection. After distraction, the ex-
ternal device was kept in place for 4 weeks for rigid
retention. Then a reverse headgear was used for 6 years
for retention and to maximize any expected maxillary
growth. All surgical procedures were performed in the

1o Vol 140 e ssue s
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Fig 4. Photographs during the distraction osteogenesis.

Department of Plastic and Reconstructive Surgery at
Tokushima University Hospital.

At age 10 years 7 months, the maxillary first premo-
lars were extracted to allow eruption of the canines. At
15 years 5 months of age, a quad-helix appliance was
placed for maxillary lateral expansion. At 16 years 5
months of age, after extraction of the mandibular third
molars, 0.022-in preadjusted edgewise brackets were
placed on both arches to improve the edge-to-edge in-
cisor relationship and minor crowding. Short Class 11
and anterior box intermaxillary elastics were used for up-
righting of the mandibular teeth and improvement of
the interincisal relationships. The orthodontic treatment
lasted for 13 months, and a circumferential retainer and
bonded lingual retainers were placed in both arches for
retention.

TREATMENT RESULTS

After distraction osteogenesis, the midfacial hypo-
plasia and exorbitism were dramatically improved,
and the nasal obstruction had disappeared (Fig 5).
Cephalometric evaluation at 1 week after distraction
showed maxillary advancement of 9.0 mm at Point
A relative to the SN plane and its perpendicular, and
facial convexity was significantly improved (Figs 6
and 7). The posterior nasal spine was moved

downward, and the mandibular plane angle was
increased by 1.1°. The maxillary incisors were labially
inclined, and the negative overjet was overcorrected
to 5.9 mm. The deep overbite was reduced from 5.7
to 2.5 mm (Table).

Cephalometric evaluation 3 years after distraction
showed a skeletal Class 1 jaw-base relationship
(ANB, 2.9°). Significant anteroposterior growth of
the anterior cranial base (S-N, 73.5 mm) and the
maxillofacial complex (Point A to the vertical refer-
ence plane, 59.0 mm) was observed. An ideal interin-
cisal relationship (overjet and overbite, 3.0 mm) was
achieved by lingual inclination of the maxillary inci-
sors (Figs 8, A, and 9).

Six years after distraction, a skeletal Class 1 jaw-base
relationship (ANB, 2.7°) still remained; however, the
mandibular plane angle had increased by 3.4°, and
both overjet and overbite were reduced to 0.5 mm
(Figs 8, B, and 9). The anterior cranial base (S-N) was in-
creased to 75.6 mm.

Nine years after distraction, an acceptable facial
profile was maintained (Fig 10). As the result of the
multi-bracketed treatment, an ideal occlusion with Class
11 molar relationships and normal overjet and overbite
were achieved (Fig 11). Posttreatment cephalometric
evaluation showed the skeletal Class 1 jaw-base relation-
ship (ANB, 3.1°) (Fig 12).
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Fig 5. Photographs at 1 week after the distraction osteogenesis.

The increase of the mandibular ramus height and the
decrease of the gonial angle were in the normal range
through the whole observation period of 11 years; how-
ever, growth of the mandibular body length was signif-
icantly less than Japanese norms (Table).

DISCUSSION

In patients with Crouzon syndrome, midfacial hypo-
plasia causes several clinical problems, most notably at
the level of the airway, orbits, occlusion, and facial es-
thetics. Nout et al** suggested that midface advance-
ment can be scheduled in the first years of life for
specific indications, such as severe obstructive sleep
apnea or severe exorbitism. Our patient had nasal ob-
struction and significant snoring at the initial examina-
tion, and sleep apnea was suspected. In addition, he
showed a skeletal Class 111 jaw-base relationship with
an anterior crosshite, a concave profile, and moderate
exorbitism. Therefore, early surgical treatment was

proposed to improve both functional and morphologic
problems with their associated psychosocial issues. Dur-
ing early treatment of midfacial hypoplasia with or-
thognathic surgery, several reports indicated that
distraction was more suitable than conventional os-
teotomy.2*2® Distraction osteogenesis can overcome
the natural soft-tissue resistance by gradual stretching
and accommodation, generating new soft tissues si-
multaneously with skeletal augmentation. Active cra-
niofacial growth in childhood can facilitate both new
bone generation and its succeeding soft-tissue adapta-
tion. Furthermore, distraction provides less physical and
psychological invasion: ie, reduced operating time, less
blood loss, less postoperative pain, and shorter hospi-
talization.?*?® Therefore, we selected the distraction
option combined with the LeFort 1 osteotomy for
this patient.

As a result of the 9-mm maxillary distraction, facial
esthetics were improved significantly, and the negative
overjet was overcorrected. In the comparison of the
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Fig 6. Radiographs at 1 week after the distraction osteogenesis: A, lateral cephalograph; B, frontal
cephalograph; C, panoramic radiograph.

N

Fig 7. Predistraction (solid line) and 1 week after the distraction osteogenesis (dotted line) cephalo-
metric tracings: A, superimposed on sella-nasion plane at sella; B, superimposed on the palatal plane
at ANS; C, superimposed on the mandibular plane at menton.
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