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ABSTRACT ARTICLE HISTORY
Fractures in the maxillofacial region are among the most frequent incidences in patients exposed to Received 23 July 2015
trauma. The aim of this study was to evaluate the effect of 2100 MHz electromagnetic radiation on Accepted 29 September 2015
the healing of mandibular fractures in rabbits. The study was carried out on 12 mature male New KEYWORDS

Zealand rabbits. After prpducmg a Ing manfilbular osteotomy, the fracture was repalrgd by using a Bone biomechanics; fracture
plate screw. The rabbits were divided into two groups — control and experimental. The healing; radiofrequency
experimental group was exposed for 3 h daily to a 2100 MHz radiofrequency (RF) for 28 d. radiation; mobile phone
Biomechanical, histopathological and radiological tests were performed during the healing of the

mandibular bone. According to the biomechanical tests, the energy absorption capacity, toughness

and maximum strength of the mandibular bone were increased compared to the control group

(6.84 vs. 2.57, 0.135 vs. 0.041 and 22.21 vs. 10.32, respectively). No significant differences between

the two groups were found during the radiological assessment. However, the histopathological

examination revealed that the fracture healing score was higher in the experimental group when

compared to the control group (8.0 vs. 2.75, respectively). In conclusion, the results of this study

showed that a 2100 MHz RF radiation positively affected fracture healing.

Introduction repeating surgical interventions and disabilities. There-
fore, the healing of a fracture in this particular area is of
great importance.

Many local and systemic factors affect the fracture
healing either positively or negatively. Diabetes, anae-
mia, malnutrition, as well as smoking and alcohol intake
impact the bone healing negatively.[6] While some anti-
biotics, corticosteroids and anticoagulants are agents
that adversely affect bone healing, calcium sulphate,
bone morphogenetic proteins, regular vitamin D intake,
parathyroid hormone and oestrogen are some of the
agents that improve bone healing.[6—8] Other factors
that influence bone healing are electrical and mechani-
cal stimulation, pulsed mode ultrasound and radiofre-
quency (RF) irradiation.[9—12]

Electromagnetic fields (EMFs) are an important exter-
nal factor that has an effect on bone metabolism and
fracture healing. First, it was shown that a low-frequency

The healing of a fracture is a complex biological process
that comprises several overlapping steps and is man-
aged by a number of mechanisms. Maxillofacial injury
occurs in approximately 5%—33% of patients which
have experienced severe trauma.[1,2] It was also
reported that the most frequent fractures seen in maxil-
lofacial trauma were multiple bone fractures including
the mandible, maxilla and zygoma.[3] In the same study,
open reduction and miniplate screw fixation were per-
formed in the majority of the fractures.[3] Since the
bones in the maxillofacial region define the facial
appearance, deformities of the appearance and func-
tional problems may develop following significant frac-
tures of this region. Delayed union or nonunion have
been reported in approximately 5%—10% of the patients
with fracture development.[4,5] This complication may
result in long-term physical therapy procedures,
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pulsed EMF facilitated bone formation.[13] After this
observation, many studies have been undertaken on this
effect.[14—17] Positive and negative effects, as well as
lack of effects of EMFs at various frequencies and intensi-
ties have been reported on fracture healing in various
studies.[13,14,16,18] RF radiation is one of the nonioniz-
ing parts of the electromagnetic spectrum. Sources of RF
radiation include mobile phones, base stations, TV and
radio antennas. Mobiles phones, despite being used for
voice communication at first, have become part of wire-
less internet and communication technologies, which are
indispensable elements of daily life. Mobile phones with
3G features and their accompanying base stations often
utilize 1710—2170 MHz frequency band. Accompanied
by the increase in mobile phone use, the duration of
exposure to the RF radiation emitted by these phones is
progressively increasing.[19,20] The maxillofacial region
is one of the leading locations of exposure to RF radiation
since cellular phones are often operated close to the ear.
There are no published studies evaluating the effects of
2100 MHz radiation on the healing of fractures in the
maxillofacial region. Therefore, the aim of this study was
to evaluate the effect of 2100 MHz RF radiation on the
healing of fractures in rabbit mandibular osteotomy.

Materials and methods

The experiments were performed on 12 mature male
New Zealand rabbits weighing 2.5—3.3 kg (mean: 2.9 kg)
obtained from the Medical Science Application and
Research Center of Dicle University. Experimental proto-
cols were approved by the local ethics committee (num-
ber of the ethics committee permission: 2012-49). A left
mandibular osteotomy was performed on all rabbits.
Subsequently, the rabbits were randomly divided into
two groups with six rabbits in each group. The rabbits in
each respective group were alternated within their
group, and the staff who performed histological stain-
ings and the one who carried out laboratory measure-
ments did not know which sample belonged to which
group. The experiment protocol ensured blindness in
the laboratory experiments.

Surgical procedure

Ketamine (Ketalar; Pfizer, Istanbul, Turkey) in a dose of
35 mg/kg and xylazine in a dose of 3 mg/kg (Rompun;
Bayer, Istanbul, Turkey) were injected intramuscularly for
a general anaesthesia of the rabbits. Following the clip-
ping of the hair in the submandibular region, the animal
was placed in supine position, asepsis was provided and
the animals were covered with sterile sheets. Two milli-
litres of articaine with 1:200,000 epinephrine (Ultracain-
DS; Hoechst Marion Roussel, Istanbul, Turkey) were
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injected supraperiosteally to achieve anaesthesia and
haemostasis. The mandibular corpus was exposed with a
left submandibular incision. Straight, titanium, four-hole
miniplate (Trimed®, Ucmed Medical, Ankara, Turkey) was
fixed to the mandible using four miniscrews (2 mm x
7 mm) prior to the osteotomy. Subsequently, the mini-
plate and the screws were removed and an osteotomy
was performed at a location of 2 mm anterior to the
mental foramen using a fissured burr (2 mm diameter).
A 2 mm gap was created between the bone fragments
and then the fragments were fixed again using the mini-
plate screw. Soft tissues were sutured in layers using
absorbable sutures (Vicryl; Ethicon, Brussels, Belgium).
On the 28th postoperative day, all animals were sacri-
ficed with an intravenous injection of 100 mg/kg pento-
barbital sodium (Pental; IE Ulagay, Istanbul, Turkey). The
complete mandibles were obtained and split at the mid-
line with the use of a scalpel. Consequently, a fractured
and a nonfractured hemi-mandible were obtained from
each animal. Miniscrews and miniplates were removed
from the fractured hemi-mandible.

Postoperative care

Antibiotics (Cefazolin 25 mg/kg; Cefamezine; Eczacibasi,
Istanbul, Turkey) and analgesics (Tramadol 1 mg/kg;
Contramal; Abdi ibrahim, Istanbul, Turkey) were injected
intramuscularly at the end of the operation and the
injections were repeated twice daily for the following
four postoperative days. Rabbits were placed in different
cages in the same environment. Animals were fed with
normal diet postoperatively. In addition to the food and
water intakes, the weight of the animals was measured
and recorded daily.

Experimental design

A signal generator (Everest Comp., Adapazari, Turkey),
which could produce identical 3G GSM signal waveform
at 2100 MHz, was used in the study to expose the rabbits
to radiation. A typical mobile phone antenna with an
omnidirectional radiation pattern in free space was con-
nected to the generator. The peak transmitted power for
the 3G modulated signal was 250 mW (24 dBm). The rab-
bits were confined in Plexiglas carousels and the carou-
sels were evenly distributed around the antenna. The
generator antenna was placed at the centre of the Plexi-
glas carousels to provide ideal exposure conditions. The
distance of the antenna from the head of the rabbits
was 1 cm. The experimental set-up is illustrated in
Figure 1(a) and 1(b). The groups were formed by using
12 rabbits (6 for the experimental group and 6 for the
control group). The rabbits from the first group were
exposed to RF radiation for 3 h per day (7 d a week) for 4
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Figure 1.(a) Experimental set-up layout and (b) carousel
dimensions.
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weeks. For the control group, the rabbits were placed in
the carousels and the same procedure was applied (3 h
per day, 7 d a week for 4 weeks), except that the genera-
tor was turned off, i.e. no RF signal was present. All rab-
bits were kept under identical conditions for 4 weeks
with free access to food and water.

Specific absorption rate (SAR) simulations

In the experimental set-up, the EMF values were mea-
sured with an electric-field probe EMR 300 (NARDA, Pful-
lingen, Germany) while the transmitter was operating to
validate the intended transmit power. Then, the mea-
sured values were used in the EMF solver to find the field
distribution inside the rabbit. Simulations were per-
formed using CST Microwave Studio, which is a 3D EMF
solver based on the finite integration technique (FIT).[21]
The FIT is similar to the well-known finite-difference time
domain technique, but it utilizes discretization on gen-
eral nonorthogonal grids using the integral form of Max-
well's equations rather than differential forms. It is
claimed by CST that charge and energy conservation
inherent to Maxwell’s equations are preserved with FIT
so that very stable numerical results in time domain can
be obtained.[21] Voxel (volumetric pixel) model of a rab-
bit was created by using the typical dimensions of a rab-
bit used in the experiments. Usually, detailed voxel
models exist for humans and rats, but an electromag-
netic rabbit model is almost nonexistent. The inner
organs and tissue characteristics were inspired from
those of a rat, which has a detailed voxel model. The rab-
bit model is shown in Figure 2, where almost all of the

(@

Figure 2. Simulation set-up. (a) Rabbit model; (b) simulated rabbits; (c) cross-sectional view; (d) SAR distribution at 2100 MHz (10 g).



Table 1. SAR values at 2100 MHz.

SAR (mW/kg)
Area of exposure 19 109
Implant chin 82.03 65.4
Opposite chin 47.21 41.6
Above the nose 145.1 1029
Max SAR 174.1 1034

inner organs (brain, intestine, heart, skin, muscle and
bones) and nose, mouth and eyes were modelled. The
titanium implant was modelled as a perfect electric con-
ductor because the conductivity of titanium is large. The
simulation model consisted of an electric field and SAR
distribution inside and around the rabbit. The IEEE C95.3
standard was used for SAR averaging. Simulated electric
field values were consistent with the measured electric
field data that were obtained with the field probe. The 1-
gram and 10-gram SAR values, when averaged over
voxel size, were provided in Table 1 for the chin with
metal plate, the opposite side of the chin and the upper
region of the nose. The maximum SAR values are also
shown in Table 1.

Radiological density analysis

The mandibles of the rabbits in the experimental group
were evaluated with extremity computed tomography
(CT) (16-detector Toshiba Activion V3.00; 2010). The
acquired images were evaluated together by a radiology
expert on the extremity CT at the work station (Philips
Extended Brilliance Workspace Philips Medical Systems,
Best, the Netherlands). The images were first evaluated
in axial sections. Then, 3D reformat views were obtained
and sagittal and coronal sections were created and used
when necessary. The thickness of the sections was 1
mm; 120 kV and 300 mA were used. Hounsfield unit (HU)
measurements were performed in the bone window.
The measurements were obtained by placing the region
of interest on the area of the fracture in left mandibles.
Measurements of the right mandibles were obtained in
the same localization.

After the radiological measurements were performed,
the hemi-mandibles with surrounding muscle tissue
were stored in gauze pads soaked with normal saline at
—20 °C until the time of biomechanical analysis.

Biomechanical analysis

Geometrical measurements and analyses

Geometrical measurements were performed on a com-
puterized tomography equipment (Toshiba Aquilion 64
Slice CT) in the Department of Radiology, Mersin
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University. In the geometrical analysis, endosteal and
periosteal dimensions and cortical cross sections were
measured (mm) along the fracture line (at the level of
the third molar: from 2.5 to 3 mm) in mediolateral and
anteroposterior directions. The results were evaluated
using Vitrea software (V 2.0, Minnetonka, MN, USA). The
readings were repeated 10 times and the mean values
of the parameters were calculated and used.

Measurements of bone biomechanics and analysis

Following the completion of geometrical measurements,
biomechanical measurements and analyses of the left
mandibles were performed. A mechanical test was per-
formed on the bones after soaking them in 0.9% saline
at a room temperature for 30 min. Since the measured
and estimated parameters were affected by the temper-
ature of the test medium, the temperature was held at
22 °C—24°C. The bones were separated from the muscle
tissue and the length of the mandibles (length between
the incisor and gonion) were measured using a digital
calliper (TESA, Renens, Switzerland). The bones were
placed in the test equipment in a mediolateral direction
with the buccal side up, after the distance between the
bearings points was measured with the digital calliper.
The level of the third molar on the mandibular mid-shaft
was defined as the pressure point. The three-point bend-
ing test was performed on the bones by using MAY
TPBM 2113 test equipment (Commat, Ankara, Turkey)
(Figure 3). The bending load was applied at a speed of
1 mm/s. The signals occurring as a result of the applied
bending pressure were recorded using a 12 Bit analog-
to-digital (A/D) converter with 1000 samples/s sensitivity.
The strain rate in the three-points bending system was
applied for 0.064 s. Only the bones fractured at the man-
dibular mid-shaft (third molar) were included in the study;
the rest of the bones were excluded. Load-deformation
curves were drawn and ultimate force (N), ultimate dis-
placement (mm), energy absorption capacity (mj) and stiff-
ness (N/mm) were obtained directly. These parameters
were evaluated using LoggerPro software (V 3.8.3, Vernier
Software & Technology, Orlando, FL, USA). The ultimate
force is the amount of force observed at the moment of
fracture. Ultimate displacement is the amount of deforma-
tion in the bone developed until the moment of fracture.
Energy absorption capacity is the energy that the bone
stored until the fracture occurred. Stiffness reflects the
resistance of the bone against the applied force. In addi-
tion to the above parameters, maximum stress (MPa), max-
imum strain (mm/mm), elastic modulus (GPa) and
toughness (MPa) values were calculated using a stress—
strain curve. The maximum stress is defined as the maxi-
mum endurance. The maximum strain is the strain value
observed at the moment of the fracture of the bone.
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(b)

Figure 3. (a) Three-point bending test equipment; (b) mandibu-
lar bone before being fractured on the test equipment.

Elastic modulus reflects the intrinsic toughness of the tis-
sue and demonstrates the amount of deformation that
can be applied to the bone against a stretch without
inducing permanent damage. The toughness reflects the
amount of energy required to fracture the bone.

Histopathological analyses

For the histopathological assessment (Nikon, Eclipse 80i
microscope, Japan), all fractured mandibles were fixed in
10% (v/v) buffered formalin solution (MKS Marmara
Kimya, istanbul, Turkey) for a period of 2 weeks. After fix-
ation, the mandibles were decalcified in 10% (v/v) nitric
acid (MKS Marmara Kimya, istanbul, Turkey). The samples
were then embedded in paraffin blocks and after 3—4
micron thick sections were taken, they were stained with
haematoxylin and eosin. For the evaluation of fracture
healing, the histopathological improvement scale was

Table 2. Histopathological scoring for the evaluation of fracture
healing.

Score Histopathological findings

Fibrous tissue

Predominantly fibrous tissue with slight cartilage tissue

Equal amounts of fibrous and cartilage tissue

Cartilage tissue only

Predominantly cartilage tissue with slight immature (woven) bone
Equal amounts of cartilage and immature bone tissue
Predominantly immature bone with slight cartilage tissue

Healing with immature (woven) bone

Immature bone with little mature bone

Healing with mature (lamellar) bone

= Voo NOULIh WN =

o

used,[22] in which scoring is conducted over 10 points
(Table 2). The slides were evaluated by one pathologist
to ensure standardization. In bilateral group compari-
sons, a decrease in the score was assigned as a negative
effect on fracture healing, whereas an increase was eval-
uated as a positive effect.

Statistical analyses

The data were summarized by mean, standard deviation,
minimum and maximum values. Shapiro—Wilk test was
used to control normal distribution. Then, independent
t-test was used to compare control and RF exposed
groups for geometrical properties of the bone and bio-
mechanical measurements. Mann—Whitney U-test was
used to analyse histopathological and radiological data.
Significant differences (two-tailed p-values) less than
0.05 were considered as statistically significant.

Results and discussions

The rabbits were observed to lose approximately 10% of
their weight during the early postoperative periods. All
rabbits reached their previous weights at the end of the
study. None of the rabbits were lost during the postoper-
ative period.

Radiological analysis

The results of the statistical analyses of the data obtained
by computerized tomography examination are shown in
Table 3. No statistically significant differences were

Table 3. Radiological comparison of the left and right mandibles between the experimental and control groups.

Experimental group

Control group

Mandible Mean £ SD Min.—Max. Mean £ SD Min.—Max. p*

Left (HU) 597 £ 190.05 374866 507 + 89.53 433-661 0.568
Right (HU) 1091.17 £ 187.77 810—1262 1009.29 £ 139.68 869—1271 0.475
Differences (%) 441+ 208 9.4—61.6 48.67 + 13.38 249-59.8 0.886

Note: Mann—Whitney U-test (*); standard deviation (SD); Hounsfield unit (HU).



Table 4. Geometric properties of the left mandible bone in the
control and experimental groups.

Groups Length (mm) Cross sectional area (mm?)
Control 63.86 £ 1.30 100.21 £ 14.32
EMF-exposed 62.2 + 2.34 96.64 + 6.56

Note: The values are expressed as means =+ standard deviation (SD); electro-
magnetic field (EMF).

found between the left and right mandibles’ results and
no differences (%) were found between the left and right
mandibles’ values in the experimental and control
groups (p > 0.05).

Geometrical and biomechanical analyses

Geometrical properties of the mandibular bones in this
study are demonstrated in Table 4. According to the
obtained results, no statistically significant differences
were found between the cross-section areas (mm?) of
the right and left mandibular bones. No statistically sig-
nificant differences were found between the length
(mm) and cross-section parameters of the left mandibu-
lar bones (p > 0.05). The results of the statistical analysis
of the parameters obtained from the biomechanical test
are described in Table 5. When the left mandibles of the
control and experimental groups were compared, no sta-
tistically significant differences were found in terms of
stiffness, ultimate force, ultimate displacement, elastic
modulus and maximum strain values between the
groups (p > 0.05), whereas statistically significant differ-
ences were found between the energy absorption
capacity, toughness and maximum stress values in the
two groups (p < 0.05). Energy absorption capacity
(62.4%), toughness (71.9%) and maximum stress (53.5%)
values increased in the experimental group when com-
pared to the control group.

Table 5. Comparison of biomechanical parameters of mandibular
bones with osteotomy between the two groups.

Parameters Control group EMF-exposed group

Energy absorption 2.567 £ 0.988
capacity (mj)
Stiffness (N/mm)

Ultimate force (N)

6.843 & 2,679 (p = 0.010)

259.554 +211.224 261.867 = 124.015
30.949 £ 18623  51.340 £ 14.789

Ultimate 0.446 + 0.0825 0.462 + 0.115
displacement (mm)

Elastic modulus (GPa) 1.896 + 1.464 2.476 +0.939

Toughness (MPa) 0.041 4 0.020 0.135 =+ 0.050 (p = 0.005)

Maximum stress (MPa)  10.323 £ 6.795 22.207 + 7.067 (p = 0.010)

Maximum strain 0.021 + 0.004 0.02 + 0.006

(mm/mm)

Note: The values are expressed as means = standard deviation (SD); electro-
magnetic field (EMF). The level of statistical significance was accepted as p
<0.05.

BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT

Table 6. Histopathological comparison of the fracture lines in the
mandibular bones with osteotomy in experimental and control
groups.

Score
Groups Mean =+ SD Min.—Max. p*
Experimental group 8.00 + 0.63 7-9 0.001
Control group 2.75+0.71 2—-4

Notes: Mann—Whitney U-test (*); standard deviation (SD).

Histopathological analysis

Statistical comparisons of the histopathological score
values are demonstrated in Table 6. There was a statisti-
cally significant increase in the scores of the experimen-
tal group when compared to the scores of the control
group (p < 0.05) (Figure 4).

There have been numerous studies published on the
effects of EMFs on bone tissue and fracture healing using

P

R
§ i
e

Figure 4. (a) Histopathological images of the samples from a rab-
bit in the control group with bone healing score 2 and (b) a rab-
bit in the experimental group with bone healing score 8.

Note: 100X magnification.
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various low-to-moderate frequencies, various power lev-
els and waveforms, often with different results.[23—25]
However, there are few studies on the effects of EMF
radiated from mobile phones on bone and fracture heal-
ing.[26,27] The effects of 900 MHz EMF (30 min a day, 5
d a week for 8 weeks) were evaluated on fracture healing
in a rat tibia fracture model,[26] and it was found that
the fracture healing in the experimental group was
worse in terms of radiology, histology and mechanics
compared to the control group. In another study, the
effects of a 1800 MHz EMF (30 min a day, 5 d a week for
8 weeks) on fracture healing in a rat tibia fracture model
was also studied.[27] No statistically significant differen-
ces were seen between the groups in terms of bone
healing and it was reported that 1800 MHz mobile
phone-like EMF had no effect on bone healing. These
two studies were performed on long bones. However,
very few studies have focused on the effects of mobile
phone frequencies, particularly 2100 MHz, on tissues.
[28,29] In a study performed by using 1900—2100 MHz
frequency band, it was claimed that mobile phone expo-
sure induced p53 gene and Bcl-2 gene expression in
cerebral tissue, which might have affected apoptosis
and triggered cerebral carcinogenesis in rats.[28] Dasdag
et al. [29] stated that the final score for apoptosis, total
antioxidant capacity and catalase in rat brain might be
altered by 900 MHz RF radiation. However, Yilmaz et al.
[30] reported that RF radiation emitted from 900 MHz
cellular phones did not alter antiapoptotic bcl-2 protein
in the brain and testes of rats. In a different study, it was
reported that 1800 and 2100 MHz EMF radiation had no
effect on exfoliated bladder cells in rats.[31] However,
3G mobile phone radiation at 2100 MHz was found to
induce many histopathological changes in parotid gland
of rats, but no nuclear changes were observed.[32] There
are no previously published studies in the literature on
the effects of a 2100 MHz EMF on fracture healing in the
maxillofacial region. In this respect, this study evaluated
the effects of EMF at 2100 MHz on bone fracture healing.

One of the most important methods for the evalua-
tion of fracture healing in bone tissue is the analysis of
the biomechanical test results. The ultimate force, ulti-
mate displacement, stiffness and energy absorption
capacity are important parameters for bone biomechan-
ics. These parameters reflect the extrinsic structural
properties of the bone tissue. In this study, the energy
absorption capacity was statistically significantly higher
in the group exposed to EMF compared to the control
group as a result of the biomechanical test. An increase
in the energy absorption capacity demonstrated that a
2100 MHz mobile phone-like EMF increases the bone
strength and thus positively affects the bone healing.
Maximum stress, maximum strain, elastic modulus and

toughness are the other important parameters reflecting
bone endurance and intrinsic properties by biomechani-
cal tests. These parameters are strongly associated with
the collagen component of the bone.[33,34] In bio-
mechanical evaluation, combinational changes between
maximum stress, maximum strain, elastic modulus and
toughness indicate various problems, including
increased or decreased bone mineralization and/or colla-
gen degradation.[35] While the maximum strain was
constant in the studies that we performed, toughness
and maximum stress increased within statistical signifi-
cance. This increase demonstrated that a 2100 MHz
GSM-like EMF increased the bone strength by affecting
the collagen integrity.

Osteoblasts are one of the most important cells on
which the studies of the EMF on fracture healing are con-
ducted. Pulsed EMF was demonstrated to increase the
proliferation and differentiation in osteoblasts in numer-
ous studies.[36,37] On the contrary, in an in vitro study, it
was reported that 50 Hz 1.8 mT and 3.6 mT sinusoidal
EMF inhibited the osteoblast proliferation and increased
osteoblast differentiation and mineralization.[38] In
another in vitro study, it was reported that 50 Hz EMF at
0.8 mT increased the intracellular free calcium (Ca*")
level in osteoblasts.[39] Intracellular free calcium has a
role as a second messenger in the cell and plays a part in
the regulation of many physiological functions. An
increase in the intracellular Ca*" is associated with the
differentiation and maturation of the osteoblasts and is
reported to increase the osteogenic activity.[38] Our bio-
mechanical test results also indicated a similar improved
bone healing by activating osteoblasts when rabbits
were exposed to 2100 MHz EMF.

The fracture performed in this study was repaired by
using a titanium alloy plate screw. Numerical SAR simula-
tions of human head with metallic plate were performed
before,[40] and metal plate dimensions were one third
of the applied RF wavelength, which resulted in reso-
nance peaks at the absorbed electric field. In our study,
the dimensions of the implant were much smaller than
the RF exposure wavelength, which, in turn, did not
result in resonance peaks in electric field distribution.
The interaction of the EMF with the used plate is an
important issue and it has been reported that different
results might occur with different electromagnetic wave
types (pulsed vs. continuous). In some studies, various
RF exposures have been reported to result in burns in
the tissues secondary to the increased temperature on
the implanted metals.[41] It was reported that 900 and
1800 MHz plane waves can result in temperature rises
around the implant with less than 0.25 °C and 0.10 °C,
respectively.[42] On the other hand, compared to stain-
less steel, titanium alloy, which is frequently preferred in



medical implants, have low magnetic permeability and
electric conductivity. Therefore, lesser increases in tem-
perature have been reported secondary to RF applica-
tions around implants with titanium alloy.[43,44] This
condition suggests that titanium and titanium alloy plate
screws may not develop tissue damage with the effect of
increased temperature. We also have not observed any
tissue damages or tissue burns in the surrounding tissue
of the titanium plate when exposed to 2100 MHz RF
radiation.

In this study, there were no statistical differences
between the experimental and control groups in the HU
measurements but the within group variability
(20%—40%) did not permit us to form reliable conclu-
sions. In addition, all animals were sacrificed on the 28th
postoperative day and tests were performed to evaluate
the fracture healing. The 28th postoperative day is within
the period in which callus tissue is still immature. The
fact that no differences were found in the HU between
the groups, whereas there were statistically significant
differences between the groups in the biomechanical
and histopathological examinations, suggested that mea-
surement of HU on the 28th postoperative day might be
inadequate for the evaluation of fracture healing or a
more detailed analysis using micro-CT was needed.

To the best of our knowledge, this is the first study
investigating the effects of 2100 MHz electromagnetic
radiation exposure on mandibular fracture healing with
assessments on radiological, histopathological and bio-
mechanical parameters in detail.

Conclusions

This study showed that a 2100 MHz EMF positively affects
fracture healing, according to the biomechanical test
results and the obtained histopathological parameters.
The 2100 MHz EMF radiation is widely used in various
applications, like in wireless and mobile communications.
Therefore, the effects of the RF radiation on different
human tissues need further investigations.
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