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Effects of a Mandibular Lateral Shift on the Condyle and
Mandibular Bone in Growing Rats

A Morphological and Histological Study

Chang Liua; Sawa Kanekob; Kunimichi Somac

ABSTRACT
Objective: To examine the effects of mandibular lateral shift on the growth and morphology of
the condyle and mandibular bone in growing rats.
Materials and Methods: A maxillary resin plate was designed to displace 4-week-old rat man-
dibles 2 mm to the left during closure. The plate was cemented, and the rats were killed after 2,
4, 8, or 12 weeks. Gross dimensions of the condylar head were measured. Radiographic films of
the mandibles were exposed, and selected measurements were made. The newly formed bone
in the condyle was evaluated with periodic acid and Schiff’s reagent (PAS) staining.
Results: The length of the condylar head was greater on the ipsilateral side compared with the
contralateral side. The experimental rats developed an asymmetric mandible, shorter in horizontal
dimension but longer in the vertical dimension on the ipsilateral side. The mandibular growth
direction was also affected, with the mandible on the ipsilateral side growing in a more anterior
and superior direction. The amount of newly formed bone was greater in the superior subchondral
region but lower in the posterior subchondral region on the ipsilateral side compared with the
contralateral side.
Conclusions: Mechanical stimuli delivered by a functional shift produce a series of morphological
and histological responses in the condyle and lead to condylar and mandibular asymmetry in rats.

KEY WORDS: Condyle; Mandible; Mandibular lateral shift

INTRODUCTION

Mandibular asymmetry is a common finding in indi-
viduals with normal facial appearance.1 However, se-
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vere asymmetry can create esthetic concerns and
functional abnormality.2 Although the nature of the eti-
ologic factors is still not well understood, mandibular
asymmetry appears to depend on a fusion of congen-
ital and acquired influences.3,4 Functional mandibular
displacement caused by unilateral posterior crossbite
(UPXB) will result in mandibular asymmetry without
early interceptive treatment.5 Although the morpholog-
ical and positional asymmetries of the mandible in chil-
dren with functional UPXB are well documented, the
causative mechanism has not been clarified.

Numerous studies have shown that mechanical load-
ing plays a key role in maintaining normal morphology
and function of the cartilage. As secondary cartilage,
condylar cartilages can response to mechanical factors
more sensitively than primary cartilage.

The growth modification of condylar cartilage and
mandibular bone has been examined extensively in an-
imal models by positioning the mandible forward,6 back-
ward,7 or downward8 or by changing the food consisten-
cy.9 However, the growth modification under mandibular
lateral shift has received less attention. In adult rhesus
monkeys with an asymmetric lateral force, a growth
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Figure 1. Illustration of gross condylar measurements (for definition,
see Table 1).

Table 1. Definitions of Landmarks, Linear and Angular Measure-
ments

Variable Definition

Landmarks

Cd Most posterior point of condylar head
Cds Most superior point of condylar head
Cr Most posterior point of coronoid pro-

cess
Me Menton
Mp Mandibular plane

Linear measurements

LCC Maximal anteroposterior length of the
condylar cartilage

WCC Maximal mediolateral width of the con-
dylar cartilage

Cd-Me Length from condylar head to Me
Cds-Mp Height from Cds to Mp
Cr-Me Length from Cr to Me
Cr-Mp Height from Cr to Mp

Angular measurement

Stutzmann angle Angle between the main orientation of
the newly formed endochondral bone
trabeculae, located in the central area
of the condyle immediately under the
condylar cartilage and the mandibular
planemodification occurred on the distal surface of the condyle

after 6 months.10 The lateral forced bite in growing rats
influenced the shape and structure of mandibular bone
and composition of the masseter, leading to an asym-
metric mandible.11 Moreover, several studies indicated
that a functional shift could increase the thickness of
condylar cartilage and the proliferation of the prechon-
droblast on the contralateral side.12 In addition, acceler-
ated chondrocyte maturation was observed on the side
opposite to incisor disocclusion after 7 days of unilateral
incisor disocclusion in rats.13

Several studies have shown the morphological
changes in the temporomandibular joint (TMJ), includ-
ing smaller condylar head, smaller superior condylar
space, and steeper eminence, on the shifted side
compared with nonshifted side in asymmetric pa-
tients.14,15 Meanwhile, a higher incidence of internal
derangement was also reported.15 Other studies also
suggested that there is a higher incidence of disk dis-
placement and temporomandibular dysfunction symp-
tom on the deviated side than the nondeviated side in
mandibular asymmetric patients.16,17 These findings
imply that, to some degree, the asymmetric morphol-
ogy of TMJ will interact with its dysfunction.

The purpose of this study was to investigate the ef-
fect of a lateral functional shift on the morphological
changes of condyle and mandibular bone and its un-
derlying mechanism in rats.

MATERIALS AND METHODS

Forty-eight 4-week-old male Wistar rats were ran-
domly divided into four control and four experimental

groups (n � 6). The methods of inducing and main-
taining a mandibular lateral shift 2 mm to left were
those used by Liu et al.18 The left side was designated
as the ipsilateral side, while the right side was desig-
nated a contralateral side. The rats in the control group
received no appliance.

All rats were fed with a soft diet from 3 weeks of
age and were allowed free access to drinking water.
The rats were weighed periodically. All procedures fol-
lowed the guideline of the Tokyo Medical and Dental
University for Animal Research. The experimental pro-
tocols were approved by the local ethics committee.

The rats were killed after 2, 4, 8, or 12 weeks, and
the heads were fixed in 4% paraformaldehyde. After
fixation, the mandible was dissected out and halved,
and as much soft tissue as possible was removed. The
length (LCC) and width (WCC) of the condylar carti-
lage were measured with a caliper accurate to 0.01
mm under stereo microscopy (Nikon SMZ-U, Kana-
gawa, Japan; Figure 1; Table 1).19 Then, the lingual
sides of the mandibles were placed in contact with FR
film (Fujifilm, Tokyo, Japan), and x-ray images were
obtained (23 Kvp, 5 mA, 15 seconds) using SOFTEX
CMB-3 (Softex Co, Tokyo, Japan). The result was en-
larged threefold and printed on photographic paper, on
which the morphometric points were traced and mea-
surements carried out (Figure 2; Table 1).11,20

The mandibles were stored at �80� C for repeated
condylar measurements 1 month later. Then, the man-
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Figure 2. Illustration of landmarks and linear and angular measurements on the mandible (for definition, see Table 1). Notice the morphological
changes in condyle and mandibular bone between the ipsilateral side (left) and contralateral side (right) in rat in the 12-week group.

Figure 3. Overview of the rat’s condylar head in the 4-week group with PAS staining. The two areas of interest were also shown here (a,
ipsilateral side; b, contralateral side; c, control). A indicates anterior; P, posterior. Scale bar � 500 �m.

dibles were decalcified and embedded in paraffin. Se-
rial sagittal sections at 5 �m were cut through the con-
dylar head. The sections were stained with Periodic
Acid and Schiff’s reagent (Sigma, St Louis, Mo) to
identify newly formed bone. The newly formed bone is
in a distinctive magenta color, while the mature bone
is in weak pink.

Pictures were obtained with a digital camera (Dxm
1200; Nikon, Kanagawa, Japan) with a magnification
of 100�. Image Plus-Pro (Media Cybernetics, Silver
Spring, Md), which can recognize the difference in the
shade of color between new bone and mature bone,
was used for quantitative analysis. The areas of newly
formed bone in two measurement frames of 400 �
400 �m, set just beneath the erosive front in the su-
perior region and posterior region of the subchondral
bone layer, were quantified automatically by the soft-
ware (Figure 3).6

The value for the control group was obtained from
the average of two sides in each rat. Analysis of co-
variance (ANCOVA) with body weight as the covariate
was used to control the influence of body weight on
linear measurements.21 A paired t-test, as well as AN-
COVA, was applied to examine the intragroup and in-
tergroup significant differences in angular and area
measurements. All the measurements were repeated
for 10 randomly selected animals 1 month later by the

same observer. Hypothesis testing indicated no sig-
nificant difference between the two registrations. The
error of measurement was calculated with the Dahl-
berg’s formula22: Me � . Table 2 lists the2�� d /2n
size of the method error.

RESULTS

Body Weight

The experimental rats lost about 10% of body weight
after the first week and then began to gain weight in
the same way as the control group. At the end of the
experiment, the average weights of experimental
group and control group were 338.7 � 10.2 g and 383
� 9.3 g, respectively.

Statistical Analysis

The correlation coefficients were high in all groups,
ranging from .113 to .93. Data from the original mea-
surements are presented in Table 3, and the adjusted
data are presented in Table 4.

Condylar Measurements

The LCC was greater on the ipsilateral side than
contralateral side throughout the experiment (Table 3).
No significant difference for WCC was found between
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Table 2. The size of Method Error Me in Measurements

Measurement Method Error

Linear measurements, mm

LCC 0.048
WCC 0.042
Cd-Me 0.03
Cds-Mp 0.029
Cr-Me 0.033
Cr-Mp 0.036

Angular measurement, (degree)

Stutzmann angle 1.452

Area measurements, mm2

Area 1 0.000665
Area 2 0.000589

Table 4. Adjusted Values of Linear Measurements on Condylar Head and Mandibular Bone in Experimental and Control Groupsa

2 Wk

I Control C

4 Wk

I Control C

Linear measurements for condylar head

LCC 3.27 � 0.07 3.28 � 0.1 2.84 � 0.07** 3.65 � 0.07 3.54 � 0.09 3.24 � 0.07*
WCC 1.64 � 0.05 1.61 � 0.06 1.5 � 0.05 1.47 � 0.04 1.61 � 0.06 1.45 � 0.04

Linear measurements for mandibular bone

Cr-Me 17.15 � 1.6 17.18 � 2.2 17.6 � 1.6 18.01 � 2.6** 19.6 � 3.4 18.77 � 2.6*
Cd-Me 19.29 � 1.4 19.34 � 1.9 19.9 � 1.4 20.45 � 3.1* 22.01 � 4.1 21.29 � 3.1
Cr-Mp 11.21 � 1.9 10.94 � 2.6 10.98 � 1.9 11.5 � .7** 12.66 � 2.2 11.27 � 1.7**
CdS-Mp 9.49 � 1.5 9.86 � 2.1 9.12 � 1.5* 9.62 � 1.7** 11.15 � 2.5 9.41 � 1.9**

a I indicates ipsilateral side; Control, indicates control group; and C indicates contralateral side.
* P 	 .05; ** P 	 .01 (by analysis of covariance).

Table 3. Original Values of Linear Measurements on Condylar Head and Mandibular Bone in Experimental Groupsa

2 Wk

I C

4 Wk

I C

8 Wk

I C

12 Wk

I C

Linear measurements for condylar head

LCC 3.15 � 0.23 2.71 � 0.23** 3.46 � 0.25 3.1 � 0.28** 3.5 � 0.11 3.3 � 0.08** 3.51 � 0.36 3.16 � 0.26**
WCC 1.58 � 0.07 1.44 � 0.17 1.49 � 0.07 1.49 � 0.011 1.4 � 0.07 1.38 � 0.09 1.4 � 0.07 1.48 � 0.08

Linear measurements for mandibular bone

Cr-Me 16.7 � 0.7 17.2 � 0.7** 18.1 � 0.1 18.8 � 0.1** 19 � 0.2 19.5 � 0.4** 20.3 � 0.4 20.8 � 0.4**
Cd-Me 18.8 � 0.7 19.4 � 0.7** 20.4 � 0.2 21.3 � 0.3** 21.6 � 0.4 22.3 � 0.3** 22.7 � 0.5 23.4 � 0.4**
Cr-Mp 11 � 0.5 10.7 � 0.6 11.5 � 0.3 113 � 0.4* 12.3 � 0.5 12.1 � 0.5* 12.8 � 0.4 12.9 � 0.4
CdS-Mp 9.3 � 0.3 9.1 � 0.3 9.7 � 0.3 9.5 � 0.4* 10.6 � 0.6 10.3 � 0.5* 11.4 � 0.6 11.4 � 0.7

a I indicates ipsilateral side; C, contralateral side.
* P 	 .05; ** P 	 .01 (by paired t-test).

the two sides, although the value on the ipsilateral side
was much larger than on the contralateral side at 2
weeks. According to adjusted data, the LCC on the
contralateral side was significantly smaller than the
control group, whereas there was no significant differ-
ence between the ipsilateral side and control group
(Table 4). No intergroup significant difference was
found for the WCC.

Mandibular Measurements

The Cd-Me was significantly bigger on the contra-
lateral side than on the ipsilateral side from 4 weeks.
On the other hand, the CdS-Mp was significantly
smaller on the contralateral side than ipsilateral side
at 4 weeks and 8 weeks (Table 3). Based on adjusted
data, the Cd-Me on the contralateral side did not sig-
nificantly differ from that of the control group, while on
the ipsilateral side, it was significantly smaller than the
control group. CdS-Mp in the experimental group was
significantly smaller than the control group (Table 4).
Cr-Me and Cr-Mp tended to change in the same pat-
tern as Cd-Me and CdS-Mp.

The contralateral side showed a more opened Stutz-
mann angle than the ipsilateral side and control group,
whereas the ipsilateral side showed a significantly closed
angle at the beginning of the experiment (Figure 4).

New Bone Formation

In the superior region, the amount of new bone for-
mation on the contralateral side was significantly lower
than on the ipsilateral side at 4 weeks (Figure 5),
whereas it was significantly higher than the opposite
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Figure 4. The change of Stutzmann angle in this experiment. * P 	
.05; ** P 	 .01.

Figure 5. The change of the amount of newly formed bone in the
superior region of the subchondral bone layer at each time point.
* P 	 .05; ** P 	 .01.

Table 4. Extended

8 Wk

I Control C

12 Wk

I Control C

3.51 � 0.07 3.62 � 0.09 3.34 � 0.07* 3.53 � 0.14 3.47 � 0.17 3.19 � 0.14
1.40 � 0.04 1.42 � 0.06 1.38 � 0.04 1.4 � 0.04 1.47 � 0.05 1.48 � 0.04

19.03 � 1.5** 20.49 � 2.1 19.49 � 1.5** 19.14 � 1.3** 20.28 � 1.9 19.56 � 1.3*
21.71 � 1.5** 23.08 � 2.1 22.69 � 1.5 22.93 � 1.6 23.42 � 2 23.62 � 1.6
12.17 � 2.2 13.07 � 3.1 12.01 � 2.2* 12.87 � 1.7** 13.9 � 2.2 13.05 � 1.7*
10.43 � 2.7* 11.61 � 3.9 10.21 � 2.9* 11.2 � 2.6** 12.64 � 3.3 11.31 � 2.6*

side, except at 12 weeks in the posterior region. The
ipsilateral side showed a significantly lower amount of
new bone formation in the posterior region than the
control group at 2 weeks and 4 weeks (Figure 6).

DISCUSSION

The model used here has been verified by several
authors to be effective in the rat.11,12,18 To ensure a
mandibular shift of 2 mm during this experiment, the
distance was checked periodically and maintained.

The LCC on the ipsilateral side were significantly
bigger than the opposite side throughout the experi-
ment. However, previous clinical studies indicated that
asymmetric patients had a larger condyle on the shift-
ed side compared with the nonshifted side. This dis-
crepancy can be explained by anatomic and functional
difference in TMJ between rats and human beings.
The rat does not have a distinct articular eminence
and posterior wall in the fossa. Therefore, the change
in mechanical circumstances on the condyle due to
the dislocation from fossa may be different between
rat and human beings.

This finding was supported by another study in rats

in which the condylar head on the shifted side was
found bigger and thicker than on the opposite side.
Moreover, enhanced enzyme activity and bone appo-
sition on the anterior border of the condyle were ob-
served when the rat’s mandible was displaced back-
ward.23 On the other hand, the change in masticatory
function during a shift was supposed to contribute to
this result. It has been suggested that the masseteric
fibers maintained almost normal size on the ipsilateral
side, whereas they decreased significantly on the con-
tralateral side.11 Hence, the condyle on the ipsilateral
side can receive near-normal masticatory stimulation
to maintain the growth of the cartilage. The decrease
in LCC on the contralateral side seemed to parallel
reports of decreased condylar dimensions in rats with
a soft diet.9,19 This result implies that the mechanical
loading from functional movement was as important as
orthopedic force as a determinant of TMJ morphology.
No significant difference for WCC can be found. Since
only the maximal width was measured, it perhaps
could not reflect the contour changes completely be-
cause of the shape of the rat’s condyle.24

Although differences exist in structure and functional
movement of the TMJ between rats and humans, the
lateral shift did lead to an asymmetric condyle in the
rats. A previous study has shown that the mandibular
shift led to a bigger size of fossa on the ipsilateral side
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Figure 6. The change of the amount of newly formed bone in the
posterior region of the subchondral bone layer at each time point.
* P 	 .05; ** P 	 .01.

compared with the opposite side.18 Taking all these
facts into consideration, the discrepancy between the
size of the condyle and fossa in the experimental group
was assumed to be a causal factor in abnormal TMJ
function.This result implies that a lateral shift induced
not only the positional change of condyle in the fossa
but also a morphological change in TMJ, and both may
be correlated to abnormal function in the TMJ.

The experimental rats developed an asymmetric
mandible, which was partly in accordance with the pre-
vious study.11 However, the pronounced increment of
mandibular height on the ipsilateral side was not found
in this experiment. It has been reported that adaptive
growth of the condyle during upward displacement of
the fossa results in an increase in the length but not
the height in the rats since the articulating surface of
the fossa is almost parallel to the occlusal plane.25

Therefore, a lateral shift should have less effect on the
mandibular height than on length during condylar dis-
placement.

The smaller size of the mandible in the experimental
groups was attributed to the decrease in masticatory
function and retardation in growth. The result revealed
that Cd-Me on the contralateral side did not differ sig-
nificantly from control groups. This finding implies that
condylar forward positioning could counteract the side
effect of decreased function on condylar growth on the
contralateral side. On the other hand, the decrease in
mandibular horizontal growth was evident on the ip-
silateral side since the condylar head on the ipsilateral
side was thought to receive a compressive force that
restricted the growth of mandibular bone.7,20

It has been proposed that mandibular length de-
pends on both the growth rate and the growth direction
of condylar cartilage. Therefore, the Stutzmann angle
was introduced to estimate mandibular growth direc-
tion.26,27 The angle on the contralateral side reached
its highest value at 4 weeks and then decreased grad-

ually. Conversely, the angle on the ipsilateral side de-
creased dramatically at 2 weeks but increased grad-
ually. These findings are in agreement with previous
studies, in which mandible forward deviation resulted
in an open angle and the maximal value appeared 4
weeks after the experiment began, while the backward
deviation of the mandible led to a closed angle.26,27

The change in this angle also lent support to the man-
dibular measurements. Since the opening of the angle
corresponds to the increase in mandibular length and
decrease in height, the difference in the Stutzmann
angle between the two sides can be partly implicated
in mandibular asymmetry.

There was less new bone formation in the superior
region and more new bone formation in the posterior
region on the contralateral side than the ipsilateral
side. Because the condyle on the contralateral side
was considered to move forward, the increased oste-
ogenesis in the posterior region was in line with other
reports in which mandibular forward positioning in-
duced higher new bone formation in the posterior re-
gion of condyle.6,28 The significant differences in the
amount of new bone formation in the experimental
groups was found at the early stage of the experiment
and disappeared gradually. These results are sup-
ported by a previous study, in which the maximal lev-
els of condylar adaptation were found after 2 to 4
weeks of soft diet in rats.19 Thus, the stimulatory
growth of cartilage and bone from lateral shift dimin-
ished gradually with their functional and morphological
adaptation.

The new bone formation could be associated well
with mandibular linear and angular measurements.
The enhanced osteogenesis in the superior region on
the ipsilateral side contributed to a significant increase
of Cds-Mp, and similarly, the increased osteogenesis
in the posterior region on the contralateral side reflect-
ed the increase of Cd-Me. The higher amount of new
bone formation in the posterior region but relatively
lower amount in the superior region meant that the
condylar growth direction was more posterior on the
contralateral side. The differential osteogenesis in the
two areas in the experimental group was in agreement
with a previous study in which the change in mechan-
ical load induced sectional differences in the matura-
tion state of chondrocytes in rats.29

The results suggest that a UPXB should be cor-
rected as early as possible to promote morphologic
and functional bilateral symmetry of the condyle and
mandible by eliminating the etiological factor of skel-
etal asymmetry.

CONCLUSIONS

• Lateral mandibular shift can cause morphological
asymmetry in the condyle and mandibular bone. The
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condylar head is bigger and the mandibular body is
shorter on the ipsilateral side. This morphological
change could be correlated with the differential new
bone apposition and growth direction on the two
sides.

• The data presented here provide further evidence
that a lateral mandibular shift contributes to the
asymmetry of the condyle and mandible by a com-
bined mechanism of changing both new bone for-
mation and growth direction, leading to a real skel-
etal asymmetry if uncorrected.
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relation between neovascularization and bone formation in
the condyle during forward mandibular positioning. Angle
Orthod. 2002;72:431–438.

29. Kantomaa T, Tuominen M, Pirttiniemi P. Effect of mechan-
ical forces on chondrocyte maturation and differentiation in
the mandibular condyle of the rat. J Dent Res. 1994;73:
1150–1156.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-16 via free access


