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Objectives – The aim of this study was to determine whether significant cranial and

maxillary deformity exists in BALB ⁄ c-bm ⁄ bm (brachymorphism) mouse with

spontaneous malocclusion using three-dimensional (3D) images.

Materials and Methods – Thirty female mice were divided into the following three

groups: control group (BALB ⁄ c mice, n = 10), Norm group (BALB ⁄ c-bm ⁄ bm mice

with normal occlusion, n = 10), and Mal group (BALB ⁄ c-bm ⁄ bm mice with

malocclusion, n = 10). Nine points in the skull were selected, and transverse and

antero-posterior distances were measured using three-dimensional images of micro-

computed tomography (CT). Moreover, 3D images were superimposed at the

median plane to visualize the skull shape asymmetry.

Results – The transverse distances at the posterior cranial and maxillary region and

the antero-posterior distances in the Norm and Mal groups were significantly shorter

than those in the control group. The nasal septum of the Mal group was significantly

shorter than that of the Norm group. Morphological measurements and

superimposed 3D images showed that lateral deviation occurred at the anterior

cranial and maxillary region in the Mal group.

Conclusion – The 3D micro-CT images revealed that the antero-posterior length

and posterior transverse width at the cranium and maxilla in BALB ⁄ c-bm ⁄ bm mice

were significantly smaller than those in BALB ⁄ c mice. It was quantitatively and

morphologically clear that BALB ⁄ c-bm ⁄ bm mice show a spontaneous transverse

crossbite owing to lateral deviation of the maxilla and nasal bone.
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Introduction

BALB ⁄ c-bm ⁄ bm mice (1) have a brachymorphic (bm) gene (2, 3) and

various characteristics including a dome-shaped skull, short thick tail, and

shortened but not widened limbs (4, 5). The most remarkable feature in

the craniofacial region is a spontaneous malocclusion (incisal transverse

crossbite) (5). Malocclusion occurs in about 10% of BALB ⁄ c-bm ⁄ bm mice
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(5). Malocclusion does not spontaneously occur in

mice with the same bm mutation as that in C57BL-

bm ⁄ bm mice and in non-brachymorphic mice such as

BALB ⁄ c-+ ⁄ + mice and BALB ⁄ c-bm ⁄ + (bm heterozyg-

otes) mice.

In human and murine tissues, all sulfation reactions

are mediated through the universal sulfate donor

3¢-phosphoadenosine 5¢-phosphosulfate (PAPS) (6),

and two different genes encoding the isoforms PAPS

synthase (PAPSS) 1 and PAPSS2 have been identified

(7). In the mouse, a missense mutation in the Papss2

gene causes brachymorphism. The Papss2 gene located

on mouse chromosome 19 (6–9) is an autosomal

recessive mutant gene. A disorder of PAPSS2 induces

undersulfated glycosaminoglycans (GAGs) in the car-

tilage matrix and undersulfated GAGs lead to defective

endochondral growth.

It was reported that columns of chondrocytes

of BALB ⁄ c-bm ⁄ bm mice were irregularly arranged

histologically and that undersulphated GAGs of the

spheno-occipital synchondrosis and intersphenoid

synchondrosis might cause disturbed of endochondral

growth at the cranial base (5). There were no significant

differences in the concentrations of sulphated GAGs in

condyles between mandibular shifted and non-shifted

sides in BALB ⁄ c-bm ⁄ bm mice with spontaneous

malocclusion (10).

In BALB ⁄ c-bm ⁄ bm mice, lateral deviation between

the maxillary and mandibular alveoli (i.e., malocclu-

sion) has sometimes already occurred at birth (before

the upper and lower incisors start to erupt). After the

incisors erupt, the malocclusion becomes more

apparent. In the mice that had malocclusion, the

degree of lateral deviation of maxillary and mandib-

ular alveoli and incisor was milder if incisors were

cut after malocclusion occurred (11). This showed

that premature contact between the upper and lower

incisors continuously induced occlusal force on the

maxillary and mandibular alveoli and the load

aggravated the malocclusion in the animal model.

From this finding, it is suggested that early inter-

vention to reduce occlusal interference that promotes

malocclusion could minimize malocclusion in grow-

ing orthodontic patients.

In the experiment (11) using two-dimensional

headfilms, maxillary transverse deviation was found to

be larger than mandibular deviation in BALB ⁄ c-bm ⁄ bm

mice with malocclusion. However, no detailed infor-

mation is available regarding the difference and the

site. Studies using computed tomography (CT) have

increased in recent years (12–18). The objective of the

present study was to precisely determine whether sig-

nificant cranial and maxillary hypo-growth and trans-

verse deviations in BALB ⁄ c-bm ⁄ bm mice exist using

three-dimensional (3D) morphological reconstructive

images.

Materials and methods
Animals

Thirty adolescent female mice, aged 13 weeks, were

divided into the following three groups: (1) BALB ⁄ c-+ ⁄ +
mice (control group, n = 10), (2) BALB ⁄ c-bm ⁄ bm mice

with normal occlusion (Norm group, n = 10), and (3)

BALB ⁄ c-bm ⁄ bm mice with malocclusion (Mal group,

n = 10). In the Mal group, five upper incisors were

shifted to the right and five upper incisors were shifted

to the left. BALB ⁄ c-+ ⁄ + mice (control mice) were

obtained from Nippon Clea (Tokyo, Japan). By out-

breeding between bm mice of the C57BL strain and

normal mice of the BALB ⁄ c strain, the bm gene was

successfully transferred to BALB ⁄ c strain mice

(BALB ⁄ c-bm ⁄ + mice) (11). BALB ⁄ c-bm ⁄ bm mice were

generated by crossbreeding between BALB ⁄ c-bm ⁄ +
mice. In this paper, BALB ⁄ c-bm ⁄ bm mice are abbre-

viated as bm ⁄ bm mice. Dry skulls of each group were

conventionally prepared by the standard protease

method (19).

Morphological measurement

Images of dry skulls were obtained using 3D micro-CT

(20) (R_mCT; Rigaku, Tokyo, Japan) under the follow-

ing conditions: tube voltage, 90 kV; tube current,

120 lA; and slice width, 0.4 mm. Obtained CT images

were morphologically reconstructed using image

reconstruction software (i-VIEW-R; Morita, Kyoto,

Japan).

Nine points were selected (Table 1). Among them,

Oc, Tb, S2, and S1 were on both sides, while Ba, SC, N,

Pr, and A were approximately on the median plane

(Fig. 1A–C). We defined the anterior region as being in

front of S1, the central region as being between S1 and

S2, and the posterior region as being behind S2. In this

study, the median plane was considered to be
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perpendicular to a line that connected both S1 points,

and at the same time, the plane passed through a point

of N (frontonasal suture) (Fig. 1D), because various

combinations of reference points were tested and this

plane using the points of S1 and N was the closest to

other median points (Ba, SC, N, Pr, A) in the control

and Norm groups. The transverse distances from the

median plane to Oc, Tb, S2, and S1 and the transverse

deviations from the median plane to Ba, SC, Pr, and A

were measured, and the antero-posterior (a-p) dis-

tances of Ba-SC, Ba-N, Ba-Pr, Ba-A, SC-N, SC-Pr, SC-A,

N-Pr, N-A, and Pr-A were also measured. Using iVIEW-

R, 3D coordinates (X, Y, Z) of all points were deter-

mined, and the linear distances between two points

were calculated. The left side was measured in the

control and Norm groups (21), and both the shifted

and non-shifted sides were measured in the Mal group.

The distances in the three groups were compared.

Furthermore, the distances in the Mal group were

Table 1. Definitions of the landmarks on cranium and maxilla

Landmarks Definitions

Oc Most lateral points of the foramen magnum, located on

the inner surface of the occipital bone

Tb Posterior apex of the tympanic bulla

S2 Most posterior point on the zygomatic process of the

temporal bone, at the intersection with the squamous

part of the temporal bone

S1 Frontal point in the inner margin of the zygomatic arch

Ba The frontal edge of the foramen magnum

SC Point of intersection of the sagittal and the coronal

sutures. In anatomy, this landmark is usually called

Bregma

N Medial point on frontonasal suture. In anatomy, this

landmark is usually called Nasion

Pr Most anterior point of the alveolar process in the incisive

bone

A Most anterior point of the nasal bone

A

C

B

D

Fig. 1. Dorsal (A) and ventral (B) views. The

lateral view (C) is shown to clarify the dif-

ference between points A and Pr. Oblique

view (D) is helpful to understand the median

plane.
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compared between the shifted and non-shifted sides in

the same regions.

Mirroring image

Original and reversal images of a mouse in the Mal

group obtained using image reconstruction software

were superimposed at the median plane using Adobe

Photoshop CS version 10.0 (Adobe Systems, San Jose,

CA, USA) to visualize the skull shape asymmetry.

The procedures were reviewed and approved by the

animal care and use committees of Nagoya Bunri

University and Hokkaido University, and this study was

performed according to the Guidelines for Animal

Experiments of Hokkaido University.

Statistical analysis

To assess measurement error, the same distance was

measured on two different occasions with a time

interval of 2 weeks by the same investigator (FS). There

was a significant correlation between the first and

second measurements of all distances in 30 mice

(p < 0.001).

Statistically significant differences in measurement

values among the three groups were evaluated using

the Statistical Package for Social Science version 13.0

(SPSS Inc., Chicago, IL, USA) by one-way analysis of

variance (ANOVA) with a probability level of p < 0.05

considered statistically significant. Tukey�s HSD (hon-

estly significant difference) test was used as the

post hoc test.

Results
Morphological measurement

Inter-group comparison showed that the transverse

distances from the median plane to Tb in the Norm

and Mal groups (both the shifted and non-shifted

sides) were significantly shorter than those in the

control group (p < 0.05) (Tables 2 and 3). The trans-

verse distances from the median plane to Oc in the

Norm and non-shifted sides in the Mal group were

significantly shorter than those in the control group

(p < 0.01). The transverse distance from the median

plane to S1 on the non-shifted side in the Mal group

was significantly shorter than that in the control group

(p < 0.05). On the other hand, almost all a-p distances

in the Norm and Mal groups were significantly shorter

than those in the control group (p < 0.05). The a-p

distances of SC-A, SC-Pr, N-Pr, and N-A in the Mal

group were significantly shorter than those in the

Norm group (p < 0.05). The transverse deviations from

the median plane to Pr and A in the Mal group were

significantly larger than those in the control and Norm

groups (p < 0.05).

In the Mal group, intra-group comparison showed

that there were no significant differences between the

shifted and non-shifted sides in all transverse distances

(Tables 2 and 3).

Table 2. Mean and standard deviation (SD) of each distance. Up-

per, transverse distances; middle, antero-posterior (a-p) distances;

lower, transverse deviations

Transverse

distances

Control Norm

Mal (non-

shifted)

Mal

(shifted)

Mean SD Mean SD Mean SD Mean SD

Oc 2.50 0.41 1.94 0.19 1.79 0.39 2.17 0.31

Tb 3.91 0.27 3.35 0.26 3.29 0.38 3.48 0.29

S2 5.39 0.16 5.45 0.16 5.27 0.29 5.48 0.18

S1 3.80 0.15 3.63 0.19 3.51 0.30 3.72 0.22

a-p distances

Control Norm Mal

Mean SD Mean SD Mean SD

Ba-SC 9.36 0.23 8.79 0.31 8.72 0.57

Ba-N 14.45 0.50 11.85 0.31 11.53 0.60

Ba-Pr 19.43 0.45 15.55 0.41 15.21 0.76

Ba-A 20.59 0.46 16.50 0.48 15.89 0.85

SC-N 7.23 0.36 6.40 0.38 6.07 0.55

SC-A 14.95 0.22 13.19 0.53 12.36 0.85

SC-Pr 15.31 0.22 14.06 0.53 13.44 0.58

N-Pr 8.83 0.25 8.29 0.31 7.91 0.31

N-A 7.83 0.27 6.87 0.29 6.41 0.39

Pr-A 3.35 0.27 3.20 0.17 3.01 0.26

Transverse

deviations

Control Norm Mal

Mean SD Mean SD Mean SD

Ba 0.34 0.33 0.18 0.17 0.25 0.22

SC 0.23 0.22 0.10 0.09 0.27 0.24

Pr 0.12 0.12 0.21 0.24 0.62 0.38

A 0.17 0.10 0.19 0.17 0.53 0.35
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Mirroring image

Superimposition in the Mal group at both ages

showed that the mirroring image corresponded with

the original image in the central and posterior regions

and that the mirroring image was completely differ-

ent from the original image in the anterior region

(Fig. 2).

Discussion

In the posterior cranial and maxillary region (behind

S2) such as the occipital bone and the tympanic

bulla, the cranial and maxillary width in bm ⁄ bm mice

was significantly smaller than that in control mice. It

was thought that transverse growth in the posterior

cranial and maxillary region mainly consisted of

sutural and periosteal growth (22). Thus, it was

speculated that disturbance of cartilage associated

with the bm gene might also affect sutural and

periosteal growth.

It was histologically shown that undersulphated

GAGs cause a disturbance of endochondral growth at

the cranial base with synchondrodial joints in bm ⁄ bm

mice (5). In this study, 3D-CT images showed that the

cranial base of bm ⁄ bm mice was significantly smaller

than that of control mice. It was also shown that the

nasal septum of bm ⁄ bm mice was significantly shorter

than that of control mice. Some studies have shown

that the cranial base (the spheno-occipital sync-

hondrosis) is a representative growth site for the

craniofacial structures (23, 24) and that cartilage of

the nasal septum may play an important role as a

Table 3. p Values of one-way analysis of variance among control

(1), Norm (2) and Mal [shifted (3) and non-shifted (4) sides] groups.

Upper, transverse distances; middle, antero-posterior (a-p) dis-

tances; lower, transverse deviations

p Value (transverse distances)

1 vs. 2 1 vs. 3 1 vs. 4 2 vs. 3 2 vs. 4 3 vs. 4

Oc 0.003 0.000 0.146 0.755 0.414 0.069

Tb 0.001 0.000 0.018 0.972 0.757 0.495

S2 0.908 0.528 0.781 0.194 0.993 0.115

S1 0.345 0.026 0.844 0.584 0.822 0.159

p Value (a-p distances)

1 vs. 2 1 vs. 3 2 vs. 3

Ba-SC 0.008 0.003 0.922

Ba-N 0.000 0.000 0.323

Ba-Pr 0.000 0.000 0.369

Ba-A 0.000 0.000 0.094

SC-N 0.001 0.000 0.221

SC-A 0.000 0.000 0.012

SC-Pr 0.000 0.000 0.017

N-Pr 0.001 0.000 0.018

N-A 0.000 0.000 0.010

Pr-A 0.383 0.010 0.177

p Value (transverse deviations)

1 vs. 2 1 vs. 3 2 vs. 3

Ba 0.409 0.797 0.914

SC 0.491 0.977 0.276

Pr 0.919 0.003 0.019

A 0.998 0.022 0.034

Fig. 2. Superimposition of the median plane in the Mal group (bm ⁄ bm mouse). Left, frontal view; center, dorsal view; right, ventral view. The

central and posterior regions were almost symmetric, but the anterior region was asymmetric.
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pacemaker of maxillary growth in total growth

(25–29). Additionally, it was shown that disorders

affecting endochondral ossification in the nasal septal

cartilage may contribute to the hypo-growth of ante-

rior craniofacial structures of bm ⁄ bm mouse (30). It

was suggested that endochondral ossification such as

that in the cranial base and nasal septum might be

disturbed, which may induce a disturbance of antero-

posterior growth at the cranial base and nasal septum

in the bm ⁄ bm mouse.

The nasal septum of bm ⁄ bm mice with malocclusion

was significantly shorter than that of bm ⁄ bm mice

without malocclusion. The shortened nasal septum

might be associated with the transverse deformity of

the alveolar process of maxilla and nasal bone of the

bm ⁄ bm mouse with malocclusion.

In bm ⁄ bm mice with malocclusion (transverse

crossbite), the transverse deviations from the median

plane to Pr and A (anterior region) were significantly

larger than those in control mice and bm ⁄ bm mice

without malocclusion, although there were no signif-

icant differences among the three groups in transverse

deviations from the median plane to SC and Ba

(central and posterior regions). The reason that the

mean value in the transverse deviations was very

small is that the points (Ba, SC, Pr, and A) were almost

adjacent to the median plane. Mirroring image also

showed the same results. Original and mirroring

images at the central and posterior regions were

nearly symmetric, but those at the anterior region

showed asymmetry. Thus, it was shown that the

alveolar process of maxilla and nasal bone was sig-

nificantly bent in bm ⁄ bm mice with spontaneous

malocclusion.

Conclusions

The following conclusions were obtained from 3D

micro-CT images.

(1) The transverse width of the posterior cranial and

maxillary complex of bm ⁄ bm mice was smaller

than that of control mice.

(2) The cranial base and the nasal septum of bm ⁄ bm

mice were significantly shorter than those of con-

trol mice.

(3) The nasal septum of bm ⁄ bm mouse with maloc-

clusion (transverse crossbite) was significantly

shorter than that of bm ⁄ bm mice without maloc-

clusion.

(4) The bm ⁄ bm mice with spontaneous malocclusion

showed a significant lateral deviation of the maxilla

and nasal bone.

Clinical relevance

In this study, malocclusion and deformity at the cra-

nium and maxilla of an animal model were evaluated

using three-dimensional images (micro-CT). Presently,

the maxillofacial morphology of humans is still evalu-

ated using two-dimensional cephalometric analysis for

orthodontic diagnosis. From this study, however, it is

suggested that three-dimensional estimation using CT

should be applied for orthodontic diagnosis of patients

with maxillofacial deformities.
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