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Objectives—Functional appliances are used for treatment of lower-jaw deficiencies
in growing individuals; however, their effectiveness is debatable. Low-intensity
pulsed ultrasound (US) is a noninvasive method, which has been shown to stimu-
late cartilage and bone formation with 20 minutes of application. This study was
designed to test the hypothesis that increasing low-intensity pulsed US application
from 20 to 40 min/d will enhance mandibular condylar growth in growing rats,
especially when combined with a functional appliance.

Methods—Fifty-four Sprague Dawley rats were divided into 6 groups (n 5 9): con-
trol, low-intensity pulsed US for 20 minutes, low-intensity pulsed US for 40 minutes,
the functional appliance, the functional appliance plus low-intensity pulsed US for
20 minutes, and the functional appliance plus low-intensity pulsed US for 40
minutes. Low-intensity pulsed US was applied for 28 days. All rats were then eutha-
nized, and their mandibles were dissected for morphometric, histomorphometric,
and micro–computed tomographic analyses.

Results—Among all study groups, the 20-minute US group showed significant
increases in most of the measured variables (P< .05) except for condylar pro-
cess length (P 5 .18), whereas the functional appliance-plus-40-min US group
showed the least favorable results. The 20-minute US group showed increases
in proliferative and hypertrophic cell counts and widths and enhanced micro-
architecture of trabecular bone compared with the 40-minute US group. The
functional appliance-plus-20-minute US group showed better results compared
with the functional appliance–alone and functional appliance-plus-40-minute
US groups.

Conclusions—A daily application of low-intensity pulsed US for 20 minutes in
growing rats affects mandibular growth, either alone or in combination with a func-
tional appliance. Further study with a longer observation period is required to study
the long-term effects and stability of newly formed bone.
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T he temporomandibular joint is the only movable joint in the
craniofacial region and is important because of its role in criti-
cal activities, such as mastication, speaking, and clenching.

This joint is covered by fibrocartilage, which serves not only as a
cushion for dispersion of mechanical load but also as a main growth
center for the craniofacial region.1 Class II malocclusion, in which the

Received June 16, 2015, from the Department
of Dentistry, Faculty of Medicine and Dentistry
(H.K., D.N.D.), Medical Science Graduate Pro-
gram (H.K.), Department of Chemical and
Materials Engineering, Faculty of Engineering
(H.U.), and Departments of Dentistry and
Biomedical Engineering (T.E.-B.), University
of Alberta, Edmonton, Alberta, Canada.
Revised manuscript accepted for publication
April 7, 2016.

This project was supported by the
McIntyre Fund from the Department of
Dentistry, Faculty of Medicine and Dentistry.
University of Alberta.

Address correspondence to Harmanpreet
Kaur, BDS, Department of Dentistry, 7-020,
Katz Group Center for Pharmacy and Health
Research, University of Alberta, 11405 87th
Ave NW, Fifth Floor, Edmonton, AB T6G 2E1,
Canada.

E-mail: kaur3@ualberta.ca

Abbreviations
CT, computed tomographic; US, ultrasound

doi:10.7863/ultra.15.06063

VC 2016 by the American Institute of Ultrasound in Medicine | J Ultrasound Med 2017;36:109–120 | 0278-4297 | www.aium.org

ORIGINAL RESEARCH



lower teeth bite in a backward position from the upper
teeth, is one of the prevalent nonsyndromic deformities
usually characterized by mandibular retrusion (backward
position).2 Not only does it affect jaw function and
the aesthetic appearance, but it may also cause airway
obstruction and functional limitations, such as speech,
mastication, and swallowing.3 Class II malocclusion
affects 15% of the world population and is present in
most patients attending orthodontic clinics.4

Treatment of a mandibular deficiency depends on
the patient’s age, severity of the problem, expected suc-
cess rate, and impact on the facial profile.5 For a growing
patient with a retruded mandible, a functional appliance,
which is also known as a forward bite-jumping appliance,
can be one of the treatments of choice. Functional appli-
ances are devices that are believed to enhance condylar
growth by displacing the mandible forward and down-
ward and eliminating abnormal muscular forces that
interfere with normal dental and skeletal development of
the mandible.6 Several animals and human studies have
shown improvements in mandibular forward projection
with functional appliance use.7–10 However, the effec-
tiveness of these appliances is still debatable, especially
with regard to the patient’s age, treatment duration, and
long-term effectiveness of mandibular growth modifica-
tion. Some authors reported that the effect of functional
appliances was not skeletal but only dentoalveolar (teeth
and their surrounding bone),9 whereas others reported
that their best skeletal effects were observed when treat-
ment was started just before the growth spurt.10

The mandibular condylar head undergoes endo-
chondral ossification during growth, whereas bone for-
mation in the glenoid fossa occurs by intramembranous
ossification. Cellular activity in the glenoid fossa is slower
than that in the condylar head. This factor could be the
reason for failure or insubstantial clinical results after
functional appliance treatment to modify mandibular
growth.11 In recent years, low-intensity pulsed ultra-
sound (US) has shown positive results in bone growth
and regeneration in several studies.12–15

Low-intensity pulsed US was shown to be effective
in increasing the intracellular calcium level in bone and
cartilage cell cultures and increasing secretion of
angiogenesis-related cytokines, which is important for
endochondral bone formation involved in the mandibular
condyle.13 Human studies have also shown enhanced
bone fracture healing,14 reduced treatment durations, and
increased bone strength in distraction osteogenesis.16

Previous studies have shown significant increases in man-
dibular growth with 20-minute low-intensity pulsed US
application in combination with the use of a functional
appliance.7,17,18 However, in a human study,18 it took a
year to show a clinical improvement in mandibular
growth. Therefore, there is a need for an optimized tech-
nique that may reduce the treatment time to a few
months in humans. Previous studies have shown that 40-
minute low-intensity pulsed US application enhanced
chondrogenic differentiation in vitro19 and bone regener-
ation during distraction osteogenesis20 compared with a
daily application for 20 minutes.

The aim of this study was to investigate the effect of
increasing the daily low-intensity pulsed US treatment
duration with or without a functional appliance on man-
dibular condylar growth in growing rats. We hypothe-
sized that increasing daily treatment with low-intensity
pulsed US would have additive effect on mandibular
condylar growth, particularly if combined with functional
appliance therapy.

Materials and Methods

Animal Care and Experimental Design
This study was approved by University of Alberta
Animal Care and Use Committee. Fifty-four 21-day-old
male Sprague Dawley rats were divided into 6 groups
(n 5 9): (1) control (no functional appliance or low-
intensity pulsed US application); (2) low-intensity
pulsed US for 20 min/d; (3) 40 low-intensity pulsed US
for 40 min/d; (4) the functional appliance alone; (5)
the functional appliance plus low-intensity pulsed US for
20 min/d; and (6) the functional appliance plus low-
intensity pulsed US for 40 min/d. The rats were acclim-
atized for a 1 week. The functional appliance was
attached to upper and lower incisors when the rats were
28 days old (first day of the experiment), and they
received low-intensity pulsed US for 20 or 40 minutes
for 28 days according to the treatment group. All ani-
mals were weighed on the first day of acclimatization
and after 7 days until the end of the procedures.
Twenty-four hours after the final US application, the ani-
mals were euthanized by using an intraperitoneal injec-
tion of pentobarbital sodium.

Functional Appliance
The functional appliance was made from self-cured poly-
methyl methacrylate orthodontic resin (Dentsply,
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Milford, DE) for each rat and was cemented to the
upper and lower incisors when they were 28 days old
with Panavia F2.0 resin cement (Kuraray Medical, Inc,
Okayama, Japan). The appliance induced 3 mm of verti-
cal displacement of the jaw21 and had an identical
inclined plane to cause anterior displacement of the
mandible on mouth closing (Figure 1, panel 1). All ani-
mals with the functional appliance were fed with pow-
dered rat chow, whereas the others were fed with
normal rat chow (Lab Diet, St Louis, MO).

Ultrasound device
The low-intensity pulsed US device was custom made
and was provided by SmileSonica, Inc (Edmonton,
Alberta, Canada). The device generated a 200-
microsecond burst of a 1.5-MHz sine wave with a repeti-
tion rate of 1 kHz and a temporal-average intensity of 30
mW/cm2. These parameters have been used in our labo-
ratory and have been approved by the Food and Drug
Administration in the United States for clinical use in
fracture healing.7,14,17–20,22,23 The device was calibrated
at the beginning and end of experiment to evaluate the
consistency of the US parameters. The right mandibular
condyle was used as the experimental side, which was
shaved, and coupling gel was applied to ensure US wave
propagation (Figure 1, panel 2).

Morphometric Measurements
Mandibles were dissected and fixed in a 10% formalin solu-
tion (Sigma-Aldrich, St Louis, MO) for 24 hours at room
temperature. Landmark measurements were performed
with digital calipers. Figure 2 shows the landmarks and

linear measurements analyzed, and a description of the var-
iables is presented in Table 1.

Histologic Analysis and Histomorphometric
Measurement
Condylar processes were separated from the mandibles
and were decalcified with Cal-Ex II (Fisher Scientific,
Ottawa, Ontario, Canada) for 2 weeks. Decalcified con-
dyles were embedded in paraffin and sectioned at a 6-
lm thickness. Slides were stained with the periodic acid-
Schiff reagent and Alcian blue stain to identify the carti-
lage and new bone formation.24,25 Alcian blue stains the
cartilage blue, whereas it is stained magenta with peri-
odic acid-Schiff, which shows calcification of the cartilage
matrix. The proliferative layer is composed of undifferen-
tiated mesenchymal cells that stain positive for Alcian
blue. The extracellular matrix is stained blue in the
hypertrophic layer with Alcian blue, whereas the chon-
drocytes in the erosive layer where calcification begins
are stained magenta with periodic acid-Schiff. Photo-
graphs were taken with a Fluorescent digital microscope
and a charge-coupled device digital camera (Leica, Wet-
zlar, Germany), processed with RS Image version 1.73
software (Photometric; Roper Scientific, Inc, Tucson,
AZ), and analyzed with MetaMorph software (Molecu-
lar Devices, LLC, Sunnyvale, CA). The magnification
used was 320. The condylar cartilage was divided into 4
zones: resting, proliferative, hypertrophic, and erosive.
The cell number and width of the proliferative and
hypertrophic layers were measured. Readings from 3
slides of each sample were then averaged to get the final
reading for every sample. For the thickness measure-
ment, 6 lines were drawn in the proliferative and

Figure 1. 1, Functional appliance attached to the upper and lower incisors. 2, Ultrasound transducer applied to the right side of the mandible.
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hypertrophic layers separately and then averaged to get
the final value from a single slide. To measure the cell
count for the proliferative and hypertrophic layers, a
fixed measurement frame of 500 3 500 lm was drawn
in the posterior region (Figure 3).

Micro-Computed Tomography
Dissected mandibles were scanned with a Skyscan 1176
micro–computed tomographic (CT) imager (Skyscan,
Kontich, Belgium) using vendor-supplied imaging con-
trol software. The resolution selected was 18 lm. All
scans were conducted at 85 kV and 293 lA with a 10-
mm aluminum filter through a 1808 rotation at a 0.58

step increment. The analysis was performed with
CTAn version 1.12.0.0 software (Skyscan). Trabecular
bones of the condylar head areas were manually

selected by using the first appearance of the trabecular
bone as the reference point up to the 100th slice. The
bone structural parameters studied were bone volume-
to-tissue volume ratio (bone volume fraction), trabecu-
lar thickness, trabecular number, trabecular separation,
and bone mineral density. From each sample, 5 read-
ings were taken, and values were averaged to get the
final value.

Statistical Analysis
Data were first analyzed for a normal distribution by the
Kolmogrov-Smirnov test. For normally distributed data,
a 1-way analysis of variance followed by a Bonferroni
post hoc test using SPSS version 21.0 software (IBM
Corporation, Armonk, NY) was used. The significance
level was set at P< .05. Intrarater reliability for 6 ran-
domly selected animals for each measured variable was
tested by the intraclass correlation coefficient test, and
measurements were performed twice at an interval of 2
weeks for morphometric analysis and 4 weeks for histo-
logic and micro-CT analyses.

Results

All measured variables showed normally distributed data
except for trabecular number; hence, the Kruskal-Wallis
test was applied. The intraclass correlation coefficient
test also showed absolute agreement (r> 0.78–0.99).

Body Weight
There was no difference in body weight among treat-
ment groups on the first day of the experiment
(P 5 .18), but there was a significant difference among
the groups (P< .001) at the end of the experiment
(Figure 4). However, there was no difference between
the functional appliance and functional appliance-plus-

Table 1. Morphometric Landmarks and Linear Measurements of the Mandible

Landmark Description

Point
Menton The most inferior point on the mandibular symphysis
Gonion tangent point Assuming that the mandible is placed on a plane, the point of the

mandibular gonion at its junction with that plane
Condylar point The most posterior and superior point on the mandibular condyle
Mandibular foramen The entry of the mandibular nerve and blood vessels in the mandibular canal

Linear measurement
Menton-condylar point Total mandibular length, the distance measured between the menton and the condylar point
Condylar-gonion tangent point Ramus height, the distance measured between the condylar point and the

gonion tangent point
Condylar process length The distance measured from the mandibular foramen to the condylar point

Figure 2. Landmarks and linear measurements of the mandible:
mandibular length (A–C), distance from the posterosuperior-most
point on the condylar head, which is the anteroinferior point on the
lower border of the mandible; ramus height (C–B), distance from the
condylar point to the gonion tangent point, which is the posteroinfe-
rior point on the lower border of the mandible; and condylar process
length (C–D), distance from the lower border of the mandibular fora-
men to the condylar point.
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20-minute US groups and the 20- and 40-minute US
groups. Means and standard deviations of the weights
on days 1 and 29 (day of euthanasia) are presented in
Table 2.

Morphometric Analysis
Linear measurements of mandibular length, ramus
height, and condylar process length, as shown in Figure
2, are presented in Table 3. There were statistically sig-
nificant increases in all 3 measurements in the 20-
minute US group (P< .05) except for condylar process
length between the 20- and 40-minute US groups
(P 5 .182). Mandibular length showed the highest value
in the 20-minute US group, followed by the 40-minute
US group, compared with the control group. However,
the mean difference between the control and 40-minute
US groups was small (0.2 mm) and was not statistically
significant (P> .05). There was no significant difference
between the control and functional appliance groups,
control and 40-minute US groups, and functional appli-
ance and functional appliance-plus-40-minute US groups
(Figure 5, panel 1). Ramus height showed an increase in
the 20-minute US group compared with the control
group, and the difference was statistically significant
(P< .05; Figure 5, panel 2). Condylar process length

also showed an increase in the 20-minute US group, fol-
lowed by the 40-minute US group. There were also sig-
nificant differences between the 20-minute US and
functional appliance groups and the functional
appliance-plus-20-minute US and functional appliance-
plus-40-minute US groups (Figure 5, panel 3). Overall,
in comparisons of the means of all treatment groups, the
20-minute US group showed statistical increases in all 3
linear measurements, whereas the functional appliance-
plus-40-minute US group showed decreases in all of the
measurements (Table 3).

Histomorphometric Analysis
Qualitatively, the widths of the proliferative and hyper-
trophic cell layers are evident from the slides (Figure 3).
The 1-way analysis of variance showed significant
differences in all of the measured histomorphometric
variables: ie, proliferative cell count and width and
hypertrophic cell count and width. The 20-minute US
group showed a significant difference from all other
treatment groups in the proliferative cell count
(P< .05) whereas there was no significant difference
between the control and functional appliance groups
and the control and functional appliance-plus-40-
minute US groups (Figure 6, panel 1). For proliferative

Figure 3. 1, Line 1 shows the width of the proliferative layer, and line 2 shows the width of the hypertrophic layer. 2, Square of 500 3 500 lm
drawn in the posterior region of the condyle; the cells of the proliferative and hypertrophic layers were counted within the square. 3, Control. 4,
Low-intensity pulsed US for 20 minutes. 5, Low-intensity pulsed US for 40 minutes. 6, Functional appliance. 7, Functional appliance plus low-
intensity pulsed US for 20 minutes. 8, Functional appliance plus low-intensity pulsed US for 40 minutes.
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layer width, again the 20-minute US group showed a
significant increase, followed by the 40-minute US and
functional appliance-plus-20-minute US groups. There

was no significant difference between the control and
functional appliance groups and the control and func-
tional appliance-plus-40-minute US groups (P> .4 in
both cases; Figure 6, panel 2). For hypertrophic cell
count, there was no significant difference between the
control and functional appliance groups and the func-
tional appliance and functional appliance-plus-40-minute
US groups (Figure 6, panel 3). For hypertrophic width,
there was no difference between the control and func-
tional appliance groups, 20- and 40-minute US groups,
and 40-minute US and functional appliance-plus-20-
minute US groups (Figure 6, panel 4). Means and stand-
ard deviations are shown in Table 3.

Micro-CT Analysis

There was a significant increase in the blood volume
fraction in the treatment groups with 20 minutes of US
application compared with the control group. The 20-
and 40-minute US groups showed the highest increases,
whereas the functional appliance-plus-40-minute US
showed the lowest value (Figure 7, panel 1). There was
a significant difference between the 20-minute US group

Table 2. Body Weight of Treatment Groups on Days 1 and 29

Body Weight, g

Day Control 20-min LIPUS 40-min LIPUS FA FA 1 20-min LIPUS FA 1 40-min LIPUS

1 106.6 6 3.5 104.5 6 4.2 104.6 6 4.5 102 6 3.9 102.8 6 3.3 105.2 6 3.7
29 365.7 6 20.7 342.2 6 15.6 326.1 6 21.1 295.6 6 15.9 287.2 6 32.6 270.4 6 26.2

Data are presented as mean 6 SD. FA indicates functional appliance; and LIPUS, low-intensity pulsed US.

Figure 4. Weights measured on days 1 and 29. No significant
differences in the body weights of the animals were seen in on day 1,
whereas there were significant differences among the groups on day
29, especially in the functional appliance (FA) groups (*P<.05).
LIPUS indicates low-intensity pulsed US.

Table 3. Values of All Treatment Variables

Parameter Control
20-min
LIPUS

40-min
LIPUS FA

FA 1 20-min
LIPUS

FA 1 40-min
LIPUS

Mandibular length, mm 25.8 6 0.2 26.2 6 0.3 25.9 6 0.3 25.4 6 0.4 25.7 6 0.1 25.0 6 0.2
Ramus height, mm 10.8 6 0.2 11.3 6 0.2 10.9 6 0.3 10.5 6 0.2 10.6 6 0.2 9.8 6 0.1
Condylar process length, mm 6.9 6 0.1 7.1 6 0.1 7.0 6 0.08 6.83 6 0.13 6.94 6 0.10 6.71 6 0.1
Proliferative cell count, n 74.3 6 5.5 96.9 6 3.8 85.5 6 6.0 72.6 6 7.4 84.8 6 6.1 70.1 6 4.8
Proliferative width, lm 90.7 6 1.8 110.9 6 6.1 100.3 6 8.2 84.8 6 4.6 96.6 6 4.7 74.5 6 5.3
Hypertrophic cell count, n 90.6 6 8.0 116.4 6 6.1 100.6 6 4.5 84.4 6 4.0 97.0 6 4.2 76.4 6 6.9
Hypertrophic width, lm 346.0 618.2 403.7 6 11.5 387.75 6 15.9 339.1 6 17.0 368.9 6 11.13 295.0 6 11.1
Bone volume fraction, % 60.9 6 3.9 73.9 6 3.7 68.9 6 0.9 57.3 6 4.0 63.5 6 3.0 42.9 6 4.3
Trabecular thickness, mm 0.09 6 0.005 0.1 6 0.006 0.1 6 0.007 0.1 6 0.008 0.1 6 0.004 0.08 6 0.006
Trabecular separation, mm 0.086 6 0.006 0.089 6 0.006 0.107 6 0.007 0.104 6 0.010 0.105 6 0.010 0.13 6 0.02
Trabecular number, 1/mm 5.2 6 0.3 6.2 6 0.2 5.7 6 0.4 4.9 6 0.3 5.4 6 0.2 4.1 6 0.6
Bone mineral density, g/cm3 1.5 6 0.2 2.1 6 0.1 1.8 6 0.2 1.2 6 0.2 1.3 6 0.07 0.92 6 0.3
Condylar volume, mm3 20.5 6 1.9 26.8 6 1.9 21.6 6 2.4 19.5 6 2.4 21.0 6 1.8 16.1 6 1.5

Data are presented as mean 6 SD. FA indicates functional appliance; and LIPUS, low-intensity pulsed US.
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and the other treatment groups for trabecular thickness
(Figure 7, panel 2). Trabecular separation showed the
highest value in the functional appliance–plus 40-minute
US group, and the difference was statistically significant

(Figure 7, panel 3). There was no significant difference
between the control and 20-minute US groups, and
these groups had the least mean values. The 20-minute
US group showed a significantly (P< .05) higher trabec-
ular number compared with the other groups, except for
the 40-minute US group (P> .05; Figure 7, panel 4).
Bone mineral density showed a significant increase in
the 20-minute US group, and the difference was statisti-
cally significant. The functional appliance-plus-40-
minute US group showed the lowest bone mineral den-
sity value. Among the groups that received the functional
appliance, there was no significant difference between
the functional appliance and functional appliance-plus-
20-minute US groups (P> .05), whereas there was a sig-
nificant difference between the functional appliance-
plus-20-minute US and functional appliance-plus-40-
minute US groups (P< .05; Figure 7, panel 5). Means
and standard deviations are shown in Table 3.

Discussion

Morphometric results demonstrated that low-intensity
pulsed US application for 20 min/d increased condylar
and mandibular length and height in the young growing
rats, whereas application for 40 min/d, either alone or in
combination with the functional appliance, showed insignif-
icant results compared with either the control group or 20-
minute US group. This finding is in contrast to other dose-
response studies reported.19,20 The mandibular condyle is
the primary growth center, where the growth mainly takes
place by endochondral ossification. Histologically, the con-
dyle is divided into 4 zones: (1) the fibrous or articular
layer, which is the most superficial layer, composed of
dense collagen matrix; (2) the proliferative layer, which
contains undifferentiated mesenchymal cells; (3) the
hypertrophic layer of mature chondrocytes; and (4) the
erosive layer, where chondrogenesis ends and osteogenesis
begins. In this study, groups treated with low-intensity
pulsed US for 20 min/d showed significant increases in the
proliferative and hypertrophic cell counts and layer widths,
and the results are supported by earlier published articles
on both in vitro and in vivo studies in which low-intensity
pulsed US application had a stimulatory effect on chondro-
cyte proliferation and collagen synthesis.22,23,26

Bone is an essential part of the musculoskeletal sys-
tem and is well connected to its surrounding muscles,
which influence bone shape and strength via application
of muscular forces. The trabecular bone constitutes only

Figure 5. Anthropometric measurements of the right mandible. 1,
Mandible length. 2, Ramus height. 3, Condylar process length. Low-
intensity pulsed US (LIPUS) for 20 minutes showed significant
increases in mandibular length, ramus height, and condylar process
length compared with other treatment groups, whereas the functional
appliance (FA) plus low-intensity pulsed US for 40 minutes showed
the least values in all of the measured variables (*P<.05; **P<.001;
and ***P<.0001).
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20% of bone, but its turnover rate is higher (�8 times)
than that of the cortical bone.27 Hence, it is the primary
site for detection of changes following any therapeutic
treatment. Basic parameters studied for trabecular micro-
architecture are the bone volume fraction, trabecular
thickness, trabecular number, and trabecular separation
3-dimensional analyses. The bone volume fraction is the
ratio of the volume of bone present to the total volume
of interest and is a surrogate measure of bone density.28

Bone mineral density is the volumetric density of cal-
cium hydroxyapatite in the bone in grams per cubic cen-
timeter and is the best predictor of fracture risk.

The micro-CT analysis demonstrated that low-
intensity pulsed US application for 20 min/d, either
alone or with the functional appliance, had a higher
bone volume fraction, trabecular thickness, trabecular
number, and bone mineral density and lower trabecular
separation than the 40-minute US and control groups.
Bone volume fraction values indicate that the trabecular

network is well connected, thus protecting the overlying
cortical bone. The well-connected network is expected
to better diffuse the load because of its structure and
hence increases bone strength.28 Trabecular separation
represents the average distance between trabecular
strands in the region of interest and was lower in the 20-
minute US treatment group and higher in the 40-minute
group. Although low-intensity pulsed US application for
20 min/d already has been shown to create better bone
formation in animals and clinical studies, some in vitro
studies and distraction osteogenesis cases found that
application for 40 min/d showed better results by
increasing chondrogenic gene marker and extracellular
matrix deposition19 and enhancing bone regeneration in
the distracted callus.20 In contrast to these studies, this
study showed better microarchitecture of trabecular
bone (and presumably more strength) with 20 minutes
of daily low-intensity pulsed US application. This
adverse effect could have been due to a thermal effect of

Figure 6. Histomorphometric analysis of the right mandible. 1, Proliferative cell count. 2, Proliferative width. 3, Hypertrophic cell count. 4,
Hypertrophic width. After 28 days of the experimental procedure, low-intensity pulsed US (LIPUS) for 20 minutes showed increases in proliferative
and hypertrophic cell counts and layer width. Similar results were seen in the functional appliance (FA) groups, in which low-intensity pulsed US
for 20 minutes in combination with the functional appliance showed significant increases in all of the measured variables (*P<.05; **P<.001;
***P<.0001).
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low-intensity pulsed US when it was applied for 40
minutes.29,30 Also, the longer period of anesthesia for
the 40-minute US group could have had a negative effect
on general body growth, including mandibular growth,
compared with the 20-minute US group, since a study

by Kim et al31 showed increased DNA damage caused
by oxidative stress in rats exposed to isoflurane anesthe-
sia for 30 and 60 minutes.

The exact mechanism of action of low-intensity
pulsed US is still under investigation, with several possible

Figure 7. Micro-CT analysis of the trabecular bone of the condylar head of the right mandible. 1, Bone volume (BV) fraction of total volume (TV).
2, Trabecular (Tb) thickness. 3, Trabecular separation. 4, Trabecular number. 5, Bone mineral density. The subchondral bone showed increases in
bone volume fraction, trabecular thickness, trabecular number, and bone mineral density with low-intensity pulsed US (LIPUS) for 20 minutes
either alone or in combination with the functional appliance (FA), whereas trabecular separation was increased with low-intensity pulsed US for 40
minutes either alone or in combination with the functional appliance (*P<.05; **P <.001; and ***P<.0001).
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mechanisms being proposed. First, US waves cause
movement of the fluid around the cells, which could have
an effect on cell permeability and activation of secondary
messengers.32 Second, US waves cause mechanical pres-
sure on the cell surface, which could activate the stretch
receptors of cation channels on the cell membrane and
affect intracellular gene expression.33 Third, since bone
has the ability to remodel depending on functional
demands, the mechanical stresses produced by low-
intensity pulsed US could help in remodeling of the bone
microarchitecture.34,35

Mechanical stresses induced by low-intensity pulsed
US can cause potential differences in osteoblasts and
alter bone remodeling.36 Chondrocytes are mechanosen-
sitive cells, and mechanical forces are required for
growth and maintenance of the cartilage. These stresses
are sensed by transmembrane receptors (integrins),
whose stimulation leads to intracellular signaling and
hence affects chondrocyte activity. Previous studies have
shown that mechanical stress produced by low-intensity
pulsed US increased gene expression and protein synthe-
sis in chondrocytes and osteoblasts via integrin activa-
tion.37,38 Functional appliance studies have also
indicated the roles of integrin, mechanical forces, and
cellular proliferation in the condylar cartilage.39,40 In
these studies, an increase in integrin expression and cel-
lular proliferation was shown in cartilage with the use of
a functional appliance. Hence, it could be hypothesized
that low-intensity pulsed US along with the functional
appliance stimulated integrin receptors present on the
chondrocyte membrane and led to an increase in cellular
proliferation and microarchitectural properties of the tra-
becular bone, as an increase in hypertrophic chondro-
cytes has been closely related to the subchondral bone.

Low-intensity pulsed US application for 40 min/d
showed lower condylar growth compared with the 20-
minute. The detrimental effect could be due to the ther-
mal effect of low-intensity pulsed US on the bone. The
biological effects of low-intensity pulsed USi are due to a
combination of thermal and nonthermal effects, which
depend on energy density and are products of the US
intensity applied and exposure time.29 In in vitro30 and
in vivo29 studies, low-intensity pulsed US at 30 mW/
cm2 showed a 38C increase in temperature after 20
minutes. It is possible that the temperature increase
could double after 40 minutes of low-intensity pulsed
US application. In our experiment, it was difficult to
measure temperature because of the inaccessibility of the

intraoral site. This process could cause trauma in the
oral cavity of anesthetized rats, as the mandibular con-
dyle is located superiorly and posteriorly in the glenoid
fossa of the skull and is covered with a thick layer of oral
tissue, which requires deep dissection to reach the con-
dyle. The thermal effect of low-intensity pulsed US
application for 40 minutes might have resulted in cell
destruction, decreased gene expression for bone pro-
teins, and, hence, lower microarchitecture of the trabecu-
lar bone. Alternatively, the longer anesthesia used in the
40-minute US group might have affected general body
growth, including the condyles. Future studies in larger
animals that can use low-intensity pulsed US with seda-
tion (rather than anesthesia) or an equal length of anes-
thesia for all groups (including control) might better
reveal the role anesthesia plays in low-intensity pulsed
US effects.

One confounding factor in this study was the food
consistency. Masticatory forces are important, as they
can stimulate bone remodeling. These forces are trans-
mitted not only to the body and alveolar process but
also to the condylar head, which affect its growth and
remodeling.41 The rats fed with the powdered diet in
the functional appliance groups had a reduced stimula-
tory effect, as the force required to cut and chew food
was minimal compared with the groups fed with the nor-
mal pellet diet. There might not have been enough of a
mechanical load to stimulate the bone structure in these
groups. However, the decrease in the body weight of the
rats could not be due to the change in the food consis-
tency, since both food types had similar protein and fat
contents. In a study by Bozzini et al,42 in which the rats
were given soft- and hard-pellet diets, no changes in the
total body weights were observed. Hence, the effect of
food consistency on body weight could be excluded. In
this study, US was applied to one side of the mandible
only, whereas functional appliance treatment is usually
bilateral. Hence, bilateral low-intensity pulsed US appli-
cation is recommended in future studies to get clinically
relevant results. Moreover, psychological stress caused
by a functional appliance and prolonged anesthesia (ie,
40 versus 20 minutes) might also have an effect on the
rat metabolism.4 Stress leads to an increase in the metab-
olism and hence body weight loss.43

In conclusion, within the limitations of this study, a
20-minute daily application of low-intensity pulsed US
showed more growth in the condyle compared with a
40-minute application. The clinical application of low-
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intensity pulsed US along with functional appliance
treatment will reduce the orthodontic treatment dura-
tion. Before that happens, further long-term studies are
advocated using a similar diet in all groups to evaluate
the combination effect of a functional appliance and
low-intensity pulsed US on the mandible condyle and to
study the long-term effects of combination therapy. Last,
it will be important to follow the observed changes in
temporal patterns for a longer time, since bone is in a
continuous process of remodeling.
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