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ABSTRACT
Pulsed electromagnetic fields (PEMF) have been used in bone fracture healing for many years. 
However, it is still not clear which frequencies are more effective. Therefore, the aim of this study 
was to investigate the effect of single frequency of 4 Hz and a package of multiple frequencies 
(220 Hz, 727 Hz, 880 Hz and 10 kHz) on bone fractures of rats. Rats were randomly divided into 
three groups: sham, R4 and RM. A transverse osteotomy was created in the right medial tibias 
diaphysis of each rat under anesthesia. The right tibia of the rats in the R4 and RM groups was 
exposed to 4 Hz, and a package of multiple frequencies, respectively. The rats in both irradiation 
groups were exposed to a pulsed magnetic field with an amplitude of 10 mT for 1 h/day during 
1 month under anesthesia with ketamine (90 mg/kg, i.p.) and xylazine hydrochloride (9 mg/kg, i.p.). 
The rats in the sham group were kept under the same experimental conditions without any field 
exposure. At the end of the study, the right tibia of each rat was removed and bone healing was 
evaluated histopathologically and radiologically, and the concentrations of some elements were 
measured, such as Na, Mg, K, Cr, Mn, Fe, Zn, Se, Ca and P. The results showed that 4 Hz exposure 
was more effective in bone fracture healing than the other frequencies in this study. Further 
studies need to be conducted to determine the mechanisms underlying the effect of 4 Hz PEMF.

Introduction

Studies on the effects of pulsed magnetic fields on 
bone fractures demonstrate that pulsed electromag-
netic fields (PEMF) can significantly accelerate wound 
healing and enhance the repair ability of bone tissue, 
as an effective non-invasive method for addressing 
non-infected tibia union abnormalities [1–3]. Some 
other studies indicate that PEMF play a role in bone 
healing with the same principles as mechanical stress 
applications, and this exogenous physical stimulus can 
promote osteogenic differentiation in several types of 
cells [4, 5].

Some of the tools and equipment produced as a 
result of the developments prepared by the results of 
numerous studies on the subject have been approved 

by the American Food and Drug Administration (FDA) 
and turned into commercial products. Studies con-
ducted for this purpose can be categorically grouped 
as capacitive, inductive and implant systems [6]. In the 
capacitive system, an electric field is applied by plac-
ing metal plates (on the skin) on both sides of the 
fracture area. In the inductive system, the broken area 
is placed in Helmholtz coils and exposed to a mag-
netic field. In the implant system, electric current is 
applied to the fracture area with the help of electrodes 
placed on the broken bones. The application with the 
Helmholtz coil system is more preferred because it is 
both non-invasive and more practical.

Many studies have tried to explain the mechanism 
underlying the biological effect of low-frequency elec-
tromagnetic field. Some studies have determined that 
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low-frequency electromagnetic waves affect the mem-
brane potential of erythrocytes, increase oxygen trans-
port and accelerate blood flow by widening the 
vessels, thus creating both a pain and edema-reducing 
effect [7–9]. In addition, there are studies showing that 
these field applications reduce the infection process 
[10]. Some studies suggest that the analgesic effect of 
low-frequency electromagnetic waves is due to pre-
synaptic inhibition or a decrease in the excitability of 
pain fibers [11]. It is also suggested that low-frequency 
electromagnetic waves applied in such traumas posi-
tively affect hormonal activity and antibodies [12].

Recent studies have shown that pulsed magnetic 
fields trigger endogenous mechanisms that affect the 
resonance mechanism of charged carriers in the mem-
brane and membrane potential. In these studies, 
voltage-gated calcium channels, which cause nitric 
oxide release and activation of signaling pathways, 
were specifically targeted [13]. Pulsed electromagnetic 
field (PEMF) has been tested for potential use in the 
treatment of pathologies such as rheumatoid arthritis, 
knee osteoarthritis, fibromyalgia and skin ulcers [14, 
15]. PEMF is also frequently applied in the treatment 
of bone fractures, inflammation, arthritis, pain, edema 
and chronic wounds. Although there are many basic 
and clinical data supporting pulsed magnetic field 
applications as a treatment modality, scientific data 
regarding the therapeutic effect of whole body pulsed 
electromagnetic field application are not sufficient 
[15]. In addition, studies have pointed out that treat-
ment modalities related to electromagnetic field (EMF) 
applications are controversial due to the contradictory 
findings reported in clinics [16–19]. Although the effect 
of EMF on osteogenesis is strongly dependent on the 
optimal parameters (frequency, intensity, waveforms, 
treatment times, etc.), it is very difficult to determine 
the optimal treatment parameters even in the very 
low frequency range (0-300 Hz). One of the main rea-
sons for this difficulty is the insufficient information 
about the mechanisms of action of EMF.

In the systems used in bone fracture studies, signals 
that do not change in intensity over time or signals 
that vary over time but in a continuous mode can be 
applied. However, after the studies, it was concluded 
that applying the signal in pulsed mode is more effec-
tive and efficient. Today’s existing devices and studies 
are based on signals generated in pulsed mode [20].

When the studies and devices developed are exam-
ined, it is seen that the frequencies used are between 
a few tens of Hertz and a few kilohertz. However, each 
study was investigated based on one or more frequen-
cies in this frequency range. One of the most import-
ant reasons why low-frequency electromagnetic waves, 

which have significant effects at the cellular level, can-
not be used with the desired efficiency in this area is 
that the selected frequencies cannot be made specific. 
This shows that this extremely important and safe 
method is still not used effectively. Therefore, this 
study was focused on the 4 Hz and multi-frequency 
PEMFs, which had not been used or were quite limited 
in bone fracture healing studies. Our first priority in 
this study was to use PEMFs with specific frequencies 
that can be effective in bone fracture healing, which 
can affect bone tissues and cells, and to develop a 
new approach to medical applications. Finally, the aim 
of this study was to investigate the effect of the 
selected frequencies on bone fractures of rats and on 
some elements in bone tissue.

Materials and method

Ethics statement

Experimental protocols were approved by the Dicle 
University Prof. Dr. Sabahattin Payzın Health Sciences 
application and research center animal experiments 
local ethics committee (Protocol Number; 2021/01, 
date of the approval:27/01/2021).

Animals and animal care

The experiments were performed on 21 male Sprague–
Dawley rats obtained from the Medical Science 
Application and Research Center of Dicle University. All 
animals (4 months of age and weighing 272-352 g) 
were kept in a standard controlled environment (22 ± 1° 
C, 40–70% humidity, 12:12 h light: dark cycle, ventila-
tion 10 changes/hour, sound level up to 75 dB, day-
time light intensity up to 200 lux) and given rat chow 
and water ad libitum.

The rats were assigned into three groups (sham 
group, n: 7 and two experimental groups: n: 7 for each 
group). The rats in the experimental groups were ran-
domly divided into two groups named R4 and RM. In 
the first experimental group, R4, the right tibia of the 
rats were exposed to 4 Hz PEMF with a magnetic field 
amplitude of 10 mT, while the right tibia of the rats in 
the second experimental group, RM, were exposed to 
PEMF with multi frequencies, consecutively, 220 Hz, 
727 Hz, 880 Hz and 10 kHz, with a magnetic field ampli-
tude of 10 mT for 1 h/day (7 days in a week) during 
1 month in a Plexiglas cage under general anesthesia 
with ketamine (90 mg/kg, i.p.) and xylazine hydrochlo-
ride (9 mg/kg, i.p.) (Figure 1). For the sham group, the 
experimental procedure was similar: the rats were kept 
in a Plexiglas cage identical to that for the exposed 
group, but the PEMF generator was turned off.
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PEMF exposure and experimental design

In this study, a solenoid with about 500 turns and 
2 cm height was used as coil to create the magnetic 
field. The block diagram of the pulsed electromagnetic 
field (PEMF) system is shown in Figure 2.

As seen in Figure 2, the coil was driven by using an 
oscillator and a driver circuit. Two sets of PEMF devices 
were designed and used in this study. In the first set, 
a square wave oscillator adjusted to a single frequency 
of 4 Hz was used and the coil was driven with this sig-
nal during operation. In the second set, a combination 
of frequencies, 220 Hz, 727 Hz, 880 Hz and 10 kHz, were 
used to drive the coil, consecutively, with a burst fre-
quency of 10 Hz. Each frequency was applied for 
10 min, with the total exposure time adjusted to 1 h 
for the complete set, similar to the protocol of the 
4 Hz group. An AD9850 DDS signal generator and a 
microcontroller-based control card were used to gen-
erate the signals and to execute the protocol as out-
lined. The amplitude of the signals was adjusted to 
create an average magnetic field of 10 mT in the coil. 
The coils were placed vertically on the right feet of the 
rats (in the area of the tibia). The magnetic field 

intensities were measured once per week as an aver-
age of 10 mT in different seleneoids of by using a Bell 
7030 Gauss/Teslameter (F.W. Bell Inc, Orlando, FL, USA) 
to ensure homogenity of the field during the course of 
the experiment. All field measurements were per-
formed by persons not involved in the animal experi-
ments. Observers were not aware of which group of 
rats was PEMF or sham-exposed, i.e. the whole study 
was performed blind. At the end of the 1-month PEMF 
exposure, the rats in the whole group were sacrificed 
by exsanguination under ketamine anesthesia (90 mg/
kg, i.p.) and xylazine hydrochloride (9 mg/kg, i.p.) and, 
in order to maintain anesthetic depth, supplemental 
ketamine (50 mg/kg, i.p.) was administered considering 
the reflex responses; then the right tibia were removed 
for histopathologic and element analysis.

Surgical technique

Tibial osteotomy is a model for fracture healing. Since 
there are many similarities between human and rat 
bone (cellular and tissue levels, trabecular bone, etc.), 
the rat tibia is used as a nonhuman skeletal site to 
measure bone haling changes. As previously described 
[21], a fracture was created with transverse osteotomy 
(open surgery) in each rat’s right medial tibial diaphy-
sis under ketamine (90 mg/kg, i.p.) and xylazine hydro-
chloride (9 mg/kg, i.p.) general anesthesia. After 
osteotomy, intramedullary pinning was retrogradly 
applied by moving along the proximal portion of the 
bone fracture. Postoperatively, anteroposterior and lat-
eral radiographs were taken to confirm the transverse 
fracture in the midshaft of the tibia. The contralateral 
left tibia was left intact.

Histopathological analysis

Histopathological evaluation was performed under a 
Zeiss brand Axiolab 5 model light microscope. All Figure 1. E xperimental setup.

Figure 2.  Block diagram of the control cards of PEMF devices used in this study. 4 Hz single frequency(a), and AD9850 based 
multifrequency oscillator systems (B).
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broken and intact tibiae and muscle tissues in the 
right and left fracture area were fixed in 10% (v/v) 
buffered formalin solution. After a 24-hour fixation 
period, the bone tissues were decalcified in 10% for-
mic acid for 24 h, the screws were removed from the 
right tibia, and after tissue follow-up, all samples were 
embedded in paraffin. A 4-µm thick section was taken 
from a Leica brand rotary microtome and stained with 
hematoxylin and eosin (H&E). Fracture healing was 
evaluated by scoring out of 10 points. A histopatho-
logical healing scale was used (Table 1) [22]. Slides 
were evaluated by a pathologist to ensure standardiza-
tion. In pairwise group comparisons, a decrease in the 
score was determined as a negative effect on fracture 
healing, while an increase was considered a positive 
effect. Inflammatory activity in the fracture-healed tis-
sue was scored according to complete filling of the 
10-point objective. Inflammatory cells were recorded. 
The number of vascular structures observed with a 
10-gauge objective in the fracture-healed tissue was 
recorded.

Element analysis of tibia

The determination of element levels in this research 
was conducted at the Science and Technology 
Application and Research Centre of Dicle University 
(DÜBTAM) laboratories. Except for Calcium (Ca) and 
Phosphorus (P), the other elements of interest were 
quantified with a Model 7700x inductively coupled 
plasma mass spectrometer (ICP-MS) (Agilent, USA). 
Samples of weighed tibia were exposed to microwave 
digestion with 3 mL of HNO3 and 1 mL of H2O2 for 
each sample by use of CEM Mars Xpress (Matthews, 
NC, USA) in accordance with a previously published 
procedure [23, 24]. Ultrapure water (Merck Millipore 
Direct-Q8, Germany) with a resistivity of 18MΩ cm was 
used to prepare the solutions for the experimental 
study. Acetylene (Cas no.: 74-86-2) and Argon gas (Cas 
no.: 7440-37-1) which had 99.999% purity were 
obtained from a provincial local company. We utilized 

previously proposed operating parameters of the 
ICP-MS system to determine elements in the biological 
matrix. The instrument repeated the calibration two 
times during all analysis. Each sample was analyzed 
three times by one injection. The helium mode was 
employed for the quantification of all elements 
detected using the ICP-MS instrument. Internal 
Standard Mix was purchased from Agilent 
(Lot#:20-40VYY2/USA). As an internal standard,45Scan-
dium (Sc) was used for Sodium (Na), Magnesium (Mg), 
Potassium (K), Chrome (Cr), Manganese (Mn), Iron (Fe), 
while 72Germanium (Ge) was for Zink (Zn) and Selenium 
(Se). [25]. Calcium was determined by a model 240FS 
flame atomic absorption spectrophotometer (AAS) 
(Agilent, USA). The phosphorus concentration was 
assessed using the molybdenum blue phosphorous 
method and an ultraviolet (UV)-visible spectrophotom-
eter (model 160 Shimadzu, Japan) operating at 830 nm. 
This is a sensitive method for the determination of 
phosphorus. The element levels detected at high con-
centrations were expressed in milligrams per gram 
(mg/g), while elements detected at low concentrations 
were expressed in micrograms per kilogram (μg/kg, 
ppb). Calibration standard solutions (Multi-element cal-
ibration Standard 2 A, Agilent Technology) were used 
at the concentration of 100 mg/L elements (Na, Mg, K, 
Cr, Mn, Fe, Zn and Se, with 4% (v/v) HNO3). One of the 
other standards used for the analysis was calcium (Ca) 
analytical standard, 1.000 g/L Ca+2 in hydrochloric acid 
(Merck, Germany). Nitric acid (HNO3, 65% v: v) and 
hydrogen peroxide (H2O2, 30% v:v) were purchased 
from Merck (Darmstadt, Germany).

Radiologic analysis of tibia

Radiography of the animals was performed under 
general anesthesia (ketamine (90 mg/kg, i.p.) and 
xylazine hydrochloride (9 mg/kg, i.p.) on the 1st and 
28th days when the experimental model was created. 
Bidirectional radiography (40 kV, 100 mA and 2.20 
mAS) of the rats, craniocaudal and mediolateral, were 
taken. Radiographic images were taken with a fixed 
x-ray device (EPX-F5000 120 KV X-Ray) with a power 
of 5 kW, 100 kV/100 mA and images were digitally 
transferred (Fujifilm T2 CR).

The radiologic images of the tibia were scored by a 
modified radiological union scale for tibia (mRUST), 
which numerically evaluates progression to union after 
intramedullary (IM) nailing of tibia fractures [26]. 
mRUST scoring system is a validated metric for evalu-
ating bony healing in humans and animals utilizing 
plain radiographs, which are relatively inexpensive and 
do not require animal sacrifice [27].

Table 1. H istopathological scoring for the assessment of frac-
ture healing.
Score Histopathological findings

1 Fibrous tissue
2 Predominantly fibrous tissue with slight cartilage tissue
3 Equal amounts of fibrous and cartilage tissue
4 Cartilage tissue only
5 Predominantly cartilage tissue with slight immature 

(woven) bone
6 Equal amounts of cartilage and immature bone tissue
7 Predominantly immature bone with slight cartilage tissue
8 Healing with immature (woven) bone
9 Immature bone with little mature bone
10 Healing with mature (lamellar) bone
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Data analysis

Data are presented as mean values and standard devi-
ations. SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was used 
for statistical analysis of the differences between 
exposed samples and controls. Shapiro-Wilk test was 
used for normal distribution. Data were analyzed by 
Kruskal–Wallis one-way analysis of variance (ANOVA) 
on ranks and post hoc multiple comparison tests using 

a Tukey-HSD procedure. All hypothesis tests used a cri-
terion level of p = 0.05.

Results

Histopathologic assessment of the tibia

Statistical evaluation regarding histopathological scor-
ing is seen in Table 2. According to the histopatholog-
ical scoring regarding bone fracture healing, we 
observed that the 4 Hz EMF exposure had more pro-
nounced potential to improve bone fracture healing 
according to the sham group (p = 0.000) (Table 2) 
(Figure 3). However, we did not observe a statistical 
difference in the healing of bone fractures between 
the multiple frequency PEMF and sham groups 
(p = 0.069) (Table 2, Figure 3). Considering the healing 
in bone fractures of rats, it was also observed that 4 Hz 

Table 2.  Statistical analysis of histopathological scoring for 
evaluation of bone fracture healing in tibia. One-way analysis 
of variance and Tukey HSD multiple comparison test were 
applied. Data shown in the table are expressed as means ± SD.

Score

Groups Mean ± S.D Min-Max p

Sham 5.500 ± 0.577 5-6 Sham-RM p = 0.069
RM 6.800 ± 0.836 6-8 Sham-R4 p = 0.000
R4 9.000 ± 0.816 8-10 R4-RM p = 0.004

Figure 3. H istopathologic image of rat tibia, H&E stain, X100, (a)- sham group with bone healing score 5 (predominantly chon-
droid tissue with slightly immature bone). (B, C)-RM group with bone healing score 6 (Equal amounts of chondroid and immature 
bone); (D) -R4 group with bone healing score 10 (healing with mature bone). Scale bar = 100µm (The rats were assigned into 
three groups (sham group, and two experimental group named R4 and RM). In the first experimental group, R4, the right tibia 
of the rats were exposed to 4 Hz PEMF with a magnetic field amplitude of 10 mT, while the right tibia of the rats in the second 
experimental group, RM, were exposed to PEMF with multi frequencies, consecutively, 220 Hz, 727 Hz, 880 Hz and 10 kHz, with a 
magnetic field amplitude of 10 mT for 1 h/day (7 days in a week) during 1 month).
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was more effective than multi-frequency PEMF 
(p = 0.004) (Table 2, Figure 3).

Radiologic evaluation of the tibia using mRUST 
score

Three orthopedic surgeons determined an mRUST 
score for each X-ray image. The images were presented 
in random order, and surgeons were blinded to the 
time of radiograph. The mRUST assigns an integer 
score to each cortex imaged on the AP (medial and 
lateral cortices) and lateral (anterior and posterior cor-
tices); mRUST score for each X-ray image as follows; 
1 = no healing; 2 = callus present, no bridging; 3 = bridg-
ing callus, fracture line visible; 4 = bridging callus with 
no fracture line visible [27]. Statistical analysis of 
mRUST scoring for fracture healing in the tibia bone is 
shown in Table 3. According to the radiological mRUST 
scoring performed for the tibia, 4 Hz and multiple fre-
quency PEMFs exposure improved the bone fracture 
healing compared to the sham group. In the statistical 
comparison made according to the sham group, the 
bone healing in the 4 Hz PEMF exposure group was 
found to be significant (p = 0.005) (Table 3, Figure 4). 
However, statistically significant difference was not 
observed between the multifrequency PEMF and sham 
group (p = 0.113) (Table 3, Figure 4). Additionally, statis-
tically significant difference was not observed between 
the 4 Hz and multifrequency PEMF group in terms of 
bone fracture healing (p = 0.376) (Table 3, Figure 4). 
The radiographical results also indicated that 4 Hz 
exposure was more effective than other groups in 
terms of bone fracture healing.

Elemental analysis of the tibia

In order to investigate the effect of the 4 Hz and mul-
tifrequency PEMF on the levels of some elements, Na, 
Mg, K, Cr, Mn, Fe, Zn, Se, Ca and P, in the tibia bone 
tissue, an elemental analysis was performed at the end 
of the study. The statistical analysis showed that there 
was no statistically significant change in the Cr, Mn, Fe, 

Se, Ca and P levels in both experimental groups com-
pared to the sham group (Table 4). However, an 
increase was observed in the level of P, which is an 
essential element for bone tissue, and this increase 
was very high in the 4 Hz group (Table 4). Likewise, Ca, 
which is another element important for ossification, 
increased, especially in the 4 Hz group, although it was 
not statistically significant (Table 4). Significant 
decreases in Na, Mg and Zn levels were detected in 
both experimental groups (Table 4). There was a signif-
icant decrease in the K level only in the RM group 
(Table 4).

Discussion

While the rats in one of the experimental groups in 
this study were exposed to pulsed multifrequency 
PEMFs with a frequency range of 220 Hz to 10 kHz, the 
animals in the other experimental group were exposed 
to magnetic field with a single frequency of 4 Hz. The 
healing of bone fractures in the tibia of rats was eval-
uated histopathologically and radiographically. 
Additionally, elemental analysis of the tibia bone tissue 
was performed. As a result of the histopathological 
and radiographic evaluation, it was determined that 
the application of 4 Hz PEMF was more effective than 
multifrequency pulsed electromagnetic field in terms 
of bone healing.

Many studies have been conducted on the effect of 
pulsed electromagnetic fields on bone fracture heal-
ing, bone microarchitecture, osteoblast and osteoclast 
cells and osteoporosis. However, these studies cover a 
wide spectrum, from very high-frequency pulsed elec-
tromagnetic fields to very low frequency pulsed elec-
tromagnetic fields. There is no full consensus regarding 
the use of frequency in studies on the effect of pulsed 
electromagnetic fields on bone tissue. However, stud-
ies on PEMF show that signal characteristics such as 
waveform signal intensity and application time change 
[28]. Many studies have found that various parameters, 
including frequency and treatment duration, alter cell 
and tissue response to PEMF therapy [28]. Cai et  al. 
[29] studied the effect of pulsed electromagnetic fields 
and mechanical vibration on the skeletal structure in 
adult and elderly rats. The authors have determined 
that non-invasive whole-body vibration and pulsed 
magnetic field applications can be used in the treat-
ment of age-related osteopenia and osteoporosis [29]. 
Oltean-Dan et  al. [30] investigated the effect of 
high-frequency pulsed electromagnetic fields on bone 
fracture healing, and found that high-frequency elec-
tromagnetic field application (10 min a day for two 
weeks starting from the first day after the operation) 

Table 3.  Results of mean modified radiologic union scale for 
tibia fractures (mRUST) and statistical analyses for whole 
groups. One-way analysis of variance and Tukey HSD multiple 
comparison test were applied. Data shown in the table are 
expressed as means ± SD.

mRUSTscore

Groups Mean ± S.D Min-Max p

Sham 2.428 ± 0.851 1-4 Sham-RM p = 0.113
RM 2.937 ± 0.442 2-4 Sham-R4 

p = 0.005
R4 3.266 ± 0.703 2-4 RM-R4 p = 0.376
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increased bone consolidation (quality) in the early 
period of fracture healing [30]. Additionally, Oltean-Dan 
et  al. [30] suggested that the molecular mechanisms 
underlying the effect of high-frequency pulsed electro-
magnetic fields on bone fracture healing in humans 
should be elucidated. In a study, the effect of applica-
tion time and sinusoidal electromagnetic field on peak 
bone mass was investigated [31]. In that study, after 
comparing the effects of different exposure times on 
osteogenic differentiation and mineralization of osteo-
blasts, it was concluded that 1.5 h per day was the 
optimal exposure time for 50 Hz 1.8 mT sinusoidal elec-
tromagnetic fields to increase the maximum bone 
mass of young rats [31]. As a result of the study, the 

Figure 4.  Representative radiography of a rat belonging to the sham group (A) and to the RM group (B) and the R4 group (C). 
The rats were assigned into three groups (sham group, and two experimental group named R4 and RM). In the first experimental 
group, R4, the right tibia of the rats were exposed to 4 Hz PEMF with a magnetic field amplitude of 10 mT, while the right tibia 
of the rats in the second experimental group, RM, were exposed to PEMF with multi frequencies, consecutively, 220 Hz, 727 Hz, 
880 Hz and 10 kHz, with a magnetic field amplitude of 10 mT for 1 h/day (7 days in a week) during 1 month.

Table 4. E lemental analysis of tibia and statistical analyses for 
whole groups. Data shown in the table are expressed as 
means ± SD. One-way analysis of variance and Tukey HSD multi-
ple comparison test were applied. *p < 0.05, **p < 0.01 and indi-
cate statistically significant differences from the sham group.

Groups

Elements Sham (Mean ± S.D) RM (Mean ± S.D) R4 (Mean ± S.D)

Na(mg/g) 5.786 ± 0.645 4.759 ± 0.169* 4.594 ± 0.443**
Mg(mg/g) 3.920 ± 0.693 3.039 ± 0.326* 2.755 ± 0.301**
K(mg/g) 0.745 ± 0.198 0.393 ± 0.070** 0.542 ± 0.084
Ca(mg/g) 36.439 ± 3.059 35.125 ± 3.277 45.395 ± 8.015
Cr(mg/kg) 0.302 ± 0.060 0.155 ± 0.064 0.216 ± 0.112
Mn(mg/kg) 0.646 ± 0.213 0.513 ± 0.098 0.643 ± 0.104
Fe(mg/g) 0.058 ± 0.051 0.087 ± 0.135 0.037 ± 0.031
Zn(mg/g) 0.227 ± 0.041 0.172 ± 0.016* 0.179 ± 0.016*
Se(mg/kg) 0.155 ± 0.035 0.100 ± 0.031 0.100 ± 0.030
P(mg/g) 5.562 ± 1.919 5.878 ± 2.666 7.068 ± 2.523



8 M. Z. AKDAG ET AL.

authors concluded that optimal therapeutic effects can 
only be achieved with optimum exposure time [31]. 
Pulsed electromagnetic fields are claimed to increase 
bone mass, microarchitecture, and strength by enhanc-
ing canonical Wnt signaling-mediated bone formation 
in rats with spinal cord injury [32]. Shao et  al. [32] indi-
cated that whole body exposure to pulsed electro-
magnetic field significantly reduced the deterioration 
in trabecular and cortical bone mass and microarchi-
tecture caused by spinal cord injury. Moreover, accord-
ing to that study, it has been suggested that pulsed 
electromagnetic field stimulation, as an easy and 
non-invasive biophysical technique, could have prom-
ising therapeutic potential for osteoporosis caused by 
spinal cord injury in clinics [32]. Cai et  al. [33] investi-
gated whether pulsed electromagnetic field would 
change the negative effects of glucocorticoids on 
bone architecture, bone strength and porous implant 
osseointegration by improving bone anabolic func-
tions. According to the results of the study, it was 
observed that low-intensity pulsed electromagnetic 
field therapy could partially block the harmful effects 
of glucocorticoids on spongy and cortical bone archi-
tecture and mechanical properties [33]. With this study, 
Cai et  al. [33] claimed that PEMF could be an effective 
alternative for the treatment of bone disorders associ-
ated with glucocorticoids. Zhou et  al. [34] determined 
that application of 50-Hz 1.8-mT sinusoidal electro-
magnetic field increased the bone mass of growing 
mice. Another study investigated the effect of pulsed 
electromagnetic field on bone fracture healing as a 
potential treatment method. In that study, it was 
determined that 5 and 10 mT PEMF (15 Hz) treatment 
changed the biomechanical properties of bone and 
increased bone mineral density, serum Ca and ALP lev-
els in animal models of bone fracture [1]. Liu et  al. [1] 
found that PEMF at 5 and 10 mT can significantly 
accelerate wound healing and enhance the repairing 
ability of bone tissue. Topal et  al. [35] reported that 
heparin application caused bone loss and osteoporo-
sis, but 0.8 mT, 7.3 Hz, 1 h a day, 28-day PEMF applica-
tion reduced these effects.

In a randomized controlled study, Shi et  al. [36] 
conducted a long-term study on patients with bone 
fractures using PEMFs, and showed that applying PEMF 
significantly changed the healing rates and reduced 
the overall pain duration in patients with long bone 
fractures [36]. Despite these positive results, some 
studies have raised some issues regarding the effec-
tiveness of PEMF therapy. Hannemann et  al. [18] 
observed that there was no significant difference in 
fracture healing in the PEMF group, and according to 
these findings, Hannemann et  al. [18] suggested that 

there is some controversy regarding the therapeutic 
effects of PEMF. Additionally, the evaluation of clinical 
trial results on bone repair involving PEMFs raises con-
cerns about the reliability of the results. Inconsistencies 
in PEMF parameters and treatment protocols used in 
different studies may affect the comparability of stud-
ies. Additionally, individual differences between 
patients and other factors before and after treatment 
may also affect treatment outcomes. Therefore, despite 
existing research demonstrating the potential benefits 
of PEMFs in bone fracture repair, further standardized 
clinical trials are needed to confirm their effectiveness. 
Additionally, combining PEMF with other therapeutic 
interventions may synergistically improve bone frac-
ture repair outcomes. However, to take full advantage 
of these synergistic effects, more in-depth research on 
specific mechanisms and optimal application methods 
is required [37]. This means that optimized treatment 
strategies, which better accommodate individual 
patient differences may influence the success of this 
treatment [37]. In their systematic review and 
meta-analysis study, Peng et  al. [38] determined that 
PEMF increased the bone fracture healing rate, relieved 
fracture pain and accelerated the healing time [38]. 
Additionally, the authors concluded that larger and 
better quality randomized controlled trials and preclin-
ical studies on optimal frequency, amplitude and dura-
tion parameters are needed [38]. Mikaelyan et  al. [39] 
investigated the Na/Ca exchange mechanism as a tar-
get for antitumor effect of 4 Hz pulsing magnetic field 
(PMF). The authors concluded that the antitumor effect 
of 4 Hz PMF due to activation of cGMP-dependent Na/
Ca exchange, and recommended to use 4 Hz PMF ther-
apeutic purpose in clinics only at the early age of tum-
origenesis [39]. Ayrepetyan et  al. [40] suggested that 
metabotropic effect of 4 Hz-EMF treated physiological 
solution is due to the activation of cGMP-dependent 
Na/Ca exchange, leading to the decrease in the num-
ber of functional active receptors in the membrane 
through Na-K pump-induced cell shrinkage, and to 
increase the receptors affinity to acetylcholine [40].

The histopathological findings and radiological find-
ings obtained in the presented study indicated that 
PEMF stimulated bone fracture healing. These findings 
are consistent with studies reporting that PEMF appli-
cation increases bone fracture healing. However, we 
observed in this study that 4 Hz exposure was more 
effective than PEMF with multifrequency. According to 
the result of our study, it can be suggested that a sin-
gle frequency application may have greater therapeu-
tic potential in the PEMFs application on bone fracture.

One of the mechanisms of PEMF in bone fracture 
healing is related to ionic changes in bone tissue and 
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stimulation of some ion channels [37]. In vitro and in 
vivo animal studies have shown that physical PEMF 
application exerts its therapeutic effect on bone heal-
ing by altering voltage-gated ion channels, increasing 
cytosolic calcium, enhancing early vascular reaction 
and promoting osteoblast differentiation and matura-
tion, and relieving pain by regulating the release of 
inflammatory cytokines (Reviewed in [38]). Bone tissue 
can store high levels of a wide variety of elements. 
Osteocytes in the bones help regulate the levels of 
elements in the bone, and these elements play a vital 
role in physiochemical and enzymatic reactions [41]. In 
our study, in which we investigated the roles of both 
4 Hz and multifrequency PEMFs in tibia fracture heal-
ing, it was observed that both magnetic fields may 
have the potential to cause statistically significant 
changes in the levels of some elements in the tibia. 
The elemental analysis in this study showed that the 
effect of PEMFs application on bone fracture healing 
under the experimental conditions applied in the 
study could also point to some molecular mechanisms 
other than elemental changes in bone tissue. Therefore, 
it is necessary to plan new studies.

Conclusions

Exposure to PEMF stimulated bone fracture healing, but 
it was observed that 4 Hz may be more effective in bone 
fracture healing than multifrequency PEMF in this study. 
It was also concluded that exposure to PEMF under the 
experimental conditions in the present study may stimu-
late bone fracture healing through some molecular 
mechanisms other than changes in some elements in 
bone tissue. Further molecular studies are required to 
determine the underlying mechanisms regarding the 
effect of PEMF exposure on bone fracture healing.
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