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Summary

Background and objectives:  The masticatory force affects craniofacial development. We aimed 
to quantify the topological deviation of the growing craniofacial structure due to soft-food diet 
feeding and to map the region where the phenotypes appeared on three-dimensional (3D) images.
Material and methods:  Mice were fed a powdered soft diet (SD) or conventional hard diet (HD) of 
regular rodent pellets at 3 weeks of age until 9 weeks of age. The heads, excluding the mandibles, 
were scanned by micro-computed tomography. The topographic deviation of the bony surface was 
quantitatively assessed by a wire mesh fitting analysis. The actual displacement and significant 
differences were mapped and visualized in each x-, y-, and z-axis on the 3D craniofacial image. On 
these reconstructed images, two-dimensional linear measurements between the landmark points 
confirmed the 3D skeletal displacement.
Results:  In the transverse direction, the zygomatic arches and the region in which the temporal 
muscle attaches to the parietal and temporal bones were narrow in the SD group. The temporal 
muscle attachment regions significantly shifted anteriorly, and consequently, the sagittal zygomatic 
arch shortened. Although the cranial sagittal length was not affected, the vertical height was also 
reduced in the SD group compared to the HD group.
Conclusions:  Our 3D surface-based analysis demonstrated that SD feeding resulted in reduced 3D 
bony development at the region where the chewing muscles attach to the zygomatic arches and 
the temporal and parietal bones. Interestingly, SD feeding induced an anterior shift in the temporal 
and parietal bone regions, which can affect the skeletal inter-jaw relationship.

Introduction

Decreased masticatory stress associated with refined and soft food may 
contribute to the development of malocclusion. The craniofacial com-
plex is composed of multiple bones with various morphologies, and the 
masticatory muscle directly attaches to the craniofacial bone surface (1). 
Masticatory loading is an important environmental factor that influ-
ences the craniofacial development (2), and a soft-food diet model is one 
animal experimental model used to evaluate how masticatory loading 
affects the craniofacial and dento-alveolar bone development (3–11).

The craniofacial morphology has been often evaluated by linear 
measurements between reference points at structures of interest 
using radiographs or by direct measurement. Although such two-
dimensional (2D) analyses provide valuable information for under-
standing the morphological phenotypes in soft diet (SD) mice, 2D 
imaging is based on projecting the ‘shadow’ of hard tissues and can 
explain only a fraction of the three-dimensional (3D) changes in the 
complicated shapes of the craniofacial bones.

Such limitations have recently been overcome with the intro-
duction of micro-computed tomography (CT), which enables the 
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capture of 3D images with high resolution and accuracy. However, 
2D measurements are still performed on reconstructed slices or 
among reference points of 3D images, so 3D digital image data have 
not been efficiently used in many cases (7, 12–15).

We recently described the surface-based analysis of 3D data for 
quantifying and visualizing topological bone surface deviations (16). 
In that analysis, significant differences in the values at the x-, y-, 
and z-axis were mapped onto 3D images, thus enabling the mapping 
of bone surface regions with significant deviations on 3D images 
and consequently providing much more detailed information on the 
morphological phenotypes of the mandible than has previously been 
available.

Many studies using SD fed rats or mice have focussed on 
the development of the mandible, presumably due to its simple 
morphology (4, 5, 8–10, 13, 15, 17). Our 3D surface-based ana-
lysis clarified that the skeletal displacement due to SD feeding was 
most significant at the region of the inferior border of the man-
dible, where the masseter muscle attaches. These findings led us 
to suspect that the nasomaxillary regions, where the opposite end 
of the masseter masticatory muscle attaches, may also be affected 
by SD feeding. However, the previous evaluation of the maxillary 
phenotypes has been relatively limited. Indeed, the narrowing of 
the lateral dimension of the maxilla (18–21), anteriorly directed 
maxillary growth (4, 20, 22), and narrowing of the upper dental 
arches (19–21) have all been reported as nasomaxillary and dento-
alveolar phenotypes in SD fed rats. The nasomaxillary regions are 
more complicated in shape than the limb bones, and the regions of 
masticatory muscle attachment cannot be easily traced or meas-
ured on 2D radiographs. Such technical difficulties have presum-
ably hindered the detection of further effects of mastication on the 
nasomaxillary growth.

In the present study, we applied our surface-based analysis to in-
vestigate the effect of supposedly changed muscular function on the 
craniofacial and dento-alveolar growth.

Materials and methods

All aspects of animal care and experiments were approved by the 
Okayama University Committee for Animal Care and Use. To min-
imize animal suffering, the number of animals used was based on the 
minimum required to obtain statistically valid results. An a priori 
power analysis was performed using our preliminary measurement 
outcomes with the R software program (R-project.org) and showed 
that a sample size of (6 per group) was deemed adequate to deter-
mine significant difference between groups (80% power, α = 0.05, 
2-sample t-test [1-sided]).

Three-dimensional surface images consisting of about 1 mil-
lion points were extracted from micro-CT data of the mouse heads. 
High-resolution template meshes were then fitted onto the 3D sur-
face images based on the assigned landmark to generate homoge-
neous models consisting of about 10.000 wire mesh points. Finally, 
the deviation in the coordinate values of each corresponding point 
on the wire mesh was calculated to generate colour maps repre-
senting the actual displacement and significance of differences be-
tween the control and experimental groups (Supplementary Figure 
1), as described previously (16).

Animals
Twelve ICR mice (CREA) at 3 weeks of age were randomly div-
ided into groups receiving a hard diet (HD) and SD (Powder CE-2; 

CREA, Japan). The HD group was fed regular and solid rodent 
pellets (CE-2; CREA), and the SD group was fed powdered pellets 
with the same nutritional value until 9 weeks old. All animals were 
housed 3 or 4 to a cage, fed and watered ad libitum and maintained 
at 23 ± 1°C with a 12-hour day/night cycle.

Micro-CT and generation of the 3D model
Micro-CT images were taken to reconstruct the anatomical 3D 
images. Mice were sacrificed at 9 weeks old, and the heads were 
fixed in 4% paraformaldehyde for 12 hours. Micro-CT images 
were taken with a Ratheta LCT-200 In Vivo Micro-CT Scanner 
for Small Lab Animals (HITACHI-Aloka, Tokyo, Japan) at 90 kV 
and 110 mA with a 96-µm slice width and 1-voxel size at 96 × 
96 × 96 µm.

Surface generation from micro-CT data was performed with 3D 
Slicer (version 4.5.0-1, http://www.slicer.org) (23), which is an open-
source software platform for the analysis and visualization of CT 
data. Following data preparation, semiautomatic segmentation was 
performed on this platform using a region-growing algorithm called 
GrowCut (Supplementary Figure 1).

Reference plane for the 3D analysis
The definition of the reference plane directly influences the inter-
pretation of the morphological changes associated with SD feed-
ing. The reference plane and/or points should be stable, especially 
when growing experimental animals are used. The trigeminal ner-
vous system develops early before the ossification of the craniofa-
cial skeleton, making the position of the canal would be relatively 
stable. Therefore, the infraorbital foramen was selected as the point 
of origin for morphological comparison. In contrast, in our pre-
vious study, the occlusal plane was used to define the x–z plane in 
the superimposition of the 3D mandibular models (16). However, 
our preliminary study found that the vertical displacement be-
tween the calvaria and upper occlusal plane was significantly more 
pronounced in the M3 regions than in the M1 regions, indicating 
that the upper occlusal plane is not stable as a reference plane for 
the evaluation of the craniofacial complex. If the 3D images were 
superimposed based on the occlusal plane, the downward rotation 
of the reference plane would be recognized as the head orientation 
changed, affecting the vertical and anterior–posterior location of 
the landmarks in the present coordinate system and subsequent 
analyses of the displacement. Therefore, we defined our reference 
plane as the plane parallel to the nasal floor plane at the infraor-
bital foramen. The nasal floor plane was defined by bilateral ref-
erence points on incisive bone, resulting in the maxilla bone and 
this plane being less strongly influenced by mastication activity be-
cause no masticatory muscle attaches around the reference points. 
Using this reference plane, we confirmed that molar vertical dis-
placement was appropriately evaluated, as the linear measurement 
data indicated.

Coordinate system for the 3D analysis
We developed a coordinate system for the 3D analysis. The x–z 
plane was defined as the plane parallel to the nasal floor plane, 
from the midpoint of the bilateral infraorbital foramen. The 
z-axis was parallel and the x-axis perpendicular to the midline 
of the nasal floor plane on the x–z plane. The y-axis was perpen-
dicular to the x–z plane at the midpoint of the bilateral infraor-
bital foramen.
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Identification of the landmarks and data processing
The positions of 82 landmarks (Supplementary Figure 2) were 
identified by a visual inspection of the image and digitized using 
a computer mouse cursor and shape analysis software program 
(HBM-Rugle; Medic Engineering Co., Kyoto, Japan). The 3D images 
were imported into the new coordinate system for standardization 
based on the aforementioned landmarks (Supplementary Figure 2).

For the homogeneous modelling, a high-resolution template 
wire mesh was fitted for each model using the HBM-Rugle software 
program, based on the landmarks assigned to each 3D image. Each 
homogeneous model consists of 6864 points (i.e. nodes of the fitted 
mesh) on the mesh, which facilitate a quantitative assessment of 
the topological deviation. This process extracts the relevant surface 
anatomy from micro-CT data, yielding high-resolution 3D surface 
data. The average distance between the points on the mesh was 32 ± 
24  µm, which is less than the slice thickness of 96 µm. Thus, the 
mesh resolution employed was considered adequate for representing 
the original skull shape. The averaged 3D images were computed by 
the arithmetic means of the coordinate values of each corresponding 
point on the wire mesh for each group.

The surface displacement was quantitatively evaluated in each 
x-, y-, and z-axis in two different ways, as described before (16). The 
actual displacement and significance of differences were calculated 
on each mesh between the HD and SD groups. The calculated values 
in millimetres were visualized with colour-coding on the computed 
3D models of HD mice. Thereafter, the arithmetic means of the co-
ordinate values of each corresponding point on the wire mesh were 
statistically analysed for significant differences between the HD and 
SD groups using a two-sample t-test. A significance probability map 
(24) of the x-, y-, and z-values was generated to visualize these sig-
nificant differences.

To confirm the morphological changes, we performed linear 
measurement between the defined reference points on the bone sur-
face (Supplementary Figure 3).

Results

Averaged 3D images of the maxillary bones and the 
actual deviation
The averaged maxillary bone surface was computed for the SD 
(yellow in Supplementary Figure 1) and HD groups (blue in 
Supplementary Figure 1) and superimposed at the infraorbital for-
amen parallel to the occlusal plane (Supplementary Figure 1).

Mapping of the actual displacement and the 
significant differences in the x-axis
The actual displacement and the significance probability map in the 
x-axis demonstrated that the whole bodies of the zygomatic arches, 
where the masseter muscles attach, were significantly displaced in 
the inward direction in the SD group (Figures 1 and 2). Interestingly, 
the significantly displaced region was further extended posteriorly 
to the temporal and parietal bone regions where the medial tempor-
alis muscles attach. Such regions were also evident at the anterior 
part of the frontal bone. Direct linear measurements confirmed a 
decreased transverse width of the zygomatic arches (#4 and #5 in 
Supplementary Figure 3), the temporal bone (#6), but not the frontal 
bone (#3) (Figure 7).

Mapping of the actual displacement and the 
significant differences in the y-axis
The actual displacement and the significance probability map in 
the y-axis demonstrated that the zygomatic arches were signifi-
cantly displaced in the upward direction in SD mice (Figures 3 and 
4). The upper incisors and the surrounding premaxilla regions were 
also displaced upward, indicating anterior growth in the SD mice. 
Significant vertical displacement was also confirmed by a decreased 
height between the maxillary molars and the calvaria bone. The 
shape changes associated with SD feeding were least prominently 

Figure 1.  Actual displacement on each wire-mesh point in the x-axis. The heat map depicts positive (red) or negative (green) transverse displacement in SD 
mice compared with HD mice. The x–z plane was defined as the plane parallel to the nasal floor plane, from the midpoint of the bilateral infraorbital foramen. 
The z-axis was parallel and the x-axis perpendicular to the midline of the nasal floor plane on the x–z plane. The y-axis was perpendicular to the x–zplane at the 
midpoint of the bilateral infraorbital foramen. The top left indicates the superior view; top middle, frontal view; top right, inferior view; bottom left, left lateral 
view; bottom right, right lateral view of the craniofacial complex.
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observed in the y-axis among the three dimensions (Figure  4 and 
Table 1). Direct linear measurements confirmed a decreased vertical 
distance between the calvaria and the zygomatic arches (#11 and 
#13 in Supplementary Figure 3). Significant reduction in the distance 
was also observed between the calvaria and the third molars (#12), 
but not between the calvaria and the first molars (#10) (Figure 7).

Mapping of the actual displacement and the 
significant differences in the z-axis
The significance probability map in the z-axis demonstrated that 
the anterior surface of the maxillary bone was displaced in the pos-
terior direction in SD mice, while the posterior part of the zygomatic 

arches and temporal bone regions was significantly displaced in the 
anterior direction in SD mice (Figures 5 and 6). Linear measurement 
confirmed a decreased anteroposterior (AP) length of the zygomatic 
arches (#17 and #19 in Supplementary Figure 3) and a decreased AP 
distance between the inferior orbital foramen and the temporal and 
parietal bones (#18). The AP lengths of the calvarial bones were not 
affected (#14–16) (Figure 7).

Discussion

A soft-food diet is an established experiment model for under-
standing how masticatory loading affects the craniofacial growth 

Figure 3.  Actual displacement on each wire-mesh point in the y-axis. The heat map depicts positive (red) or negative (green) vertical displacement in SD mice 
compared with HD mice.

Figure 2.  Significance probability map in the x-axis. Blue designates P ≤ 0.05; pale pink, P ≤ 0.01; dark pink, P ≤ 0.001; purple, P ≤ 0.0001.
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Figure 4.  Significance probability map in the y-axis. Blue designates P ≤ 0.05; pale pink, P ≤ 0.01; dark pink, P ≤ 0.001; purple, P ≤ 0.0001.

Table 1.  Result summary of linear measurement.

# Measurements Points HD group (mm) SD group (mm) P

   Mean SD Mean SD  

1 The width between the anterior notch on zygomatic plate 15-34 5.797 0.121 5.947 0.153 -
2 The Anterior (Superior)width between the superior and lateral intesection of zygomatic pro-

cess and zygomatic arch
19-38 9.714 0.277 9.427 0.327 -

3 The Anterior width between the innermost and highest point of frontal bones 45-46 3.728 0.060 3.154 1.069 -
4 The width between the intersection of zygomatic process of maxilla with zygoma, superior 

surface
64-65 11.776 0.280 11.211 0.121 ↓↓

5 The width between the intersection of zygoma with zygomatic process of temparal, superior 
aspect

22-41 12.655 0.212 12.203 0.115 ↓↓

6 The width between the posterior zygomatic root connecting squamosal body 25-44 10.911 0.071 10.590 0.115 ↓↓
7 The width between the most mesial point of M1 31-10 4.004 0.089 3.900 0.114 -
8 The width between the most distal point of M3 32-11 4.078 0.076 4.210 0.053 ↓↓
9 The distance between the Nasion and the midpoint of superior and lateral intesection of 

zygomatic process and zygomatic arch
2-19, 38 2.733 0.112 2.604 0.156 -

10 The distance between the innermost and highest point of frontal bones and the most mesial 
point of M1 (L)

45-10 6.458 0.114 6.451 0.121 -

11 The distance between the intersection of zygomatic process of maxilla with zygoma, super-
ior surface and the midpoint of the Nasion and the Bregma

2, 3-64, 65 4.786 0.059 4.569 0.133 ↓↓

12 The distance between the midpoint of the intersection of frontal and squamosal bones at 
temporal crest and the midpoint of most distal point of M3

32, 11-79, 806.631 0.067 6.344 0.090 ↓↓

13 The distance between the Bregma and the midpoint of intersection of zygoma with zygo-
matic process of temparal, superior aspect

3-22, 41 5.390 0.113 5.225 0.140 ↓

14 The distance between the Nasion and the Bregma 2-3 6.574 0.108 6.554 0.145 -
15 The distance between the Nasion and the intersection of parietal bones with anterior aspect 

of interparietal bone at midline
2-4 11.210 0.672 10.921 0.163 -

16 The distance between the Bregma and the intersection of parietal bones with anterior aspect 
of interparietal bone at midline 

3-4 4.439 0.105 4.396 0.172 -

17 The distance between the anterior notch on zygomatic process and the the posterior zygo-
matic root connecting squamosal body (L)

14-25 11.626 0.306 10.875 0.228 ↓↓

18 The distance between the posterior zygomatic root connecting squamosal body and the 
infraorbital foramen (L)

25-82 12.588 0.205 12.250 0.160 ↓↓

19 The distance between the intersection of zygoma with zygomatic process of temparal, infer-
ior aspect and the infraorbital foramen (L)

23-82 10.444 0.202 10.174 0.245 ↓

20 The distance between the intersection of maxilla and premaxilla bone at mid-sagittal plane 
and the PNS

9-12 6.558 0.171 6.245 0.241 -

↓↓, P≤0.01; ↓, P≤0.05; -, P>0.05
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and providing fundamental information about the possible asso-
ciation between human malocclusion and mastication (3–11). The 
bone growth of the cranial and nasomaxillary complex mainly oc-
curs at the suture and the bone surface, and the masticatory muscle 
attaches to the facial bone surface with a unique characteristic dis-
tribution (25). It was therefore interesting to explore the effect of 
supposedly changed muscular function on the craniofacial growth 
and observe the possible topological association between the attach-
ment of the muscle and the region of bony deviation. However, the 
maxillary bones have unique and complicated shape, and previous 
2D cephalometric evaluations have been limited in detection of the 

bony deviation associated with a soft-food diet. This study was the 
first to conduct a bone surface analysis for the 3D evaluation (16) of 
micro CT data in the maxillary bone complex of SD mice.

The masseter muscle attaches to the zygomatic arch (26). Previous 
studies have demonstrated that SD feeding for 21 or 27 weeks results 
in a significant reduction in the transverse zygomatic arch width at 
the anterior regions of the zygomatic arch, but not at the middle (9). 
However, other studies using mice noted no such significant reduc-
tion in the zygomatic width (18–20, 22). Such discrepancies may be 
due to variations in experimental design, and a sufficient duration 
of SD feeding may be necessary to detect the relevant phenotype. 

Figure 6.  Significance probability map in the z-axis. Blue designates P ≤ 0.05; pale pink, P ≤ 0.01; dark pink, P ≤ 0.001; purple, P ≤ 0.0001.

Figure 5.  Actual displacement on each wire-mesh point in the z-axis. The heat map depicts positive (red) or negative (green) anterior–posterior displacement in 
SD mice compared with HD mice.
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However, even though the duration of the SD feeding was relatively 
short in our present study, a 3D surface-based analysis was able to 
detect a significant reduction in the arch width, and our analysis 
clearly demonstrated that the whole surface of the zygomatic arch 
was significantly narrowed by SD feeding for 6 weeks, presumably 
due to our application of a highly accurate 3D surface-based analysis 
using micro-CT.

The region with significant inward deviation at the zygomatic 
arch further extended posteriorly on the temporal and parietal 
bones, which serve as attachment sites for the temporal muscles. 
Such changes were not demonstrated in previous studies using rats 
or mice. However, a longer duration of SD feeding for 6  months 
resulted in significant narrowing of the inter-parietal bone in fer-
rets, which are carnivores and not rodents (27). but not in rats or 
mice. In that study, however, SD was given for much longer than in 
the present study (6 months). The inter-temporal and intra-parietal 
widths were not evaluated in that study, presumably because ref-
erence points for the measurement of those bones are not easy to 
define accurately.

The significant difference map in the present study clearly 
mapped the regions of significant deviation and showed that these 
regions overlapped with the area of the temporal muscle attachment. 

In addition, the present 3D surface analysis was able to detect the 
SD-induced bony surface deviation with a much shorter duration of 
SD feeding than the 2D cephalometric analysis.

Interestingly. the region of the temporalis muscle attachment at 
the temporal and parietal bone surface shifted significantly in the 
forward direction (Figure 6). Indeed, our linear measurement con-
firmed the decreases in the distance between the temporal bone and 
the infraorbital foramen in SD mice (Figure 7). The temporal bone 
contains a glenoid fossa that envelopes the mandibular condyle; an-
terior shift of the temporal bone may thus imply that the mandible 
consequently was forced to be positioned more anteriorly. The an-
terior–posterior changes in the temporal or parietal bone had not 
been explored in 2D cephalometric analyses. These findings sug-
gested that mastication problems in the temporal muscle might in-
duce anterior positioning of the mandible.

The present significant difference map detected the signifi-
cant upward deviation of the zygomatic arches in SD mice. Since 
the craniofacial growth is mainly in the anterior–inferior direction 
when the growth is evaluated based on the cranial base, our find-
ings also indicate that the vertical growth of the zygomatic arch was 
disturbed more by SD feeding than the maxillary reference plane. 
Indeed, the linear measurement confirmed the reduction in the ver-
tical height between the zygomatic and calvarial landmarks. Vertical 
changes in the zygomatic arches had not been shown before in 2D 
cephalometric analyses. On 2D lateral radiograph images, the shape 
of the zygomatic arch and other nasomaxillary complex bones are 
complicated with overlapping; therefore, linear measurements of the 
vertical dimension likely have large errors for detecting differences. 
Our surface-based analysis using high-resolution 3D images resolved 
these issues.

Our study has several limitations. In our experimental protocol, 
the internal structure of the cranial base structures can be visualized; 
however, only the bony surface information was evaluated. The in-
ternal structure of the cranial base structures might be able to be 
used for the stable reference plane both in animal studies and human 
cone beam computed tomography studies. We need to further ex-
plore the possible reference plane in the evaluation of the bony devi-
ation associated with SD feeding.

In our present study, the maxillary dental arch width was not 
affected in the M1 regions but was widened in the M3 regions; 
a previous study, by contrast, demonstrated that the maxillary 
dental arch narrowed in SD animals (19–21). This discrepancy 
may be due to differences in the duration of SD feeding. What 
happens to the transverse width of the dento-alveolar regions if 
the duration of SD feeding is prolonged should be explored in a 
future study.

Conclusions

We used our surface-based analysis to map the bone surface regions 
demonstrating significant topological deviation due to a soft-food 
diet and found that the craniofacial growth was significantly affected 
at the masticatory muscle attachment sites on the zygomatic arches 
and at the temporal and parietal bone regions.

Supplementary material

Supplementary data are available at European Journal of 
Orthodontics online.

Supplementary Figure 1.  Schematic illustration of the analyses 
employed in the present study.
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Figure 7.  Diagram of direct linear measurement. Red indicates significant 
differences, while blue indicates no significant differences.
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Supplementary Figure 2. Landmarks on the craniofacial 3D im-
ages and the description.

Supplementary Figure 3. Diagram of the mouse skull with land-
marks used for linear measurements and its description.

Supplemental Video 1. Significance probability map in the x-axis. 
P values were mapped on the averaged HD images.

Supplemental Video 2. Significance probability map in the y-axis 
on the averaged HD images. P values were mapped on the averaged 
HD images.

Supplemental Video 3. Significance probability map in the z-axis 
on the averaged HD images. P values were mapped on the averaged 
HD images.
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