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ABSTRACT

In vitro studies showed that high-frequency pulsed electromagnetic fields (HF-PEMFs) increase the activity/expression of early and late osteo-
genic markers and enhance bone mineralization. The main aim of this study was to investigate the in vivo effects of HF-PEMFs on fracture
healing using a rat model. A femur fracture was established by surgery in 20 male Wistar rats. Titanium nails were implanted to reduce and
stabilize the fracture. After surgery, 20 rats were equally divided into untreated control and treated group (from the first postoperative day
HEF-PEMFs at 400 pulses/sec [pps] were applied for 10 minutes/day, for two weeks). Quantitative and qualitative assessment of bone forma-
tion was made at two and eight weeks following surgery and included morphological and histological analysis, serological analysis by ELISA,

micro-computed tomography (micro-CT), and three-point bending test. At two weeks in HF-PEMF group, soft callus was at a more advanced

fibrocartilaginous stage and the bone volume/total tissue volume (BV/TV) ratio in the callus area was significantly higher compared to control

group (p = 0.047). Serum concentration of alkaline phosphatase (ALP) and osteocalcin (OC) was significantly higher in HF-PEMF group (ALP
p=0.026,0C p = 0.006) as well as the mechanical strength of femurs (p = 0.03). At eight weeks, femurs from HF-PEMF group had a completely
formed woven bone with dense trabeculae, active bone marrow, and had a significantly higher BV/TV ratio compared to control (p = 0.01).
HE-PEMFs applied from the first postoperative day, 10 minutes/day for two weeks, enhance bone consolidation in rats, especially in the early
phase of fracture healing.
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INTRODUCTION

Impaired bone healing affects 5% to 10% of the 6.2 million
fractures that occur annually in the United States and can lead
to delayed union or nonunion. These conditions are associated
with increased use of healthcare resources and high economic
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costs, placing a financial burden on patients and healthcare
systems. For instance, a cost analysis of treatment of long bone
fracture nonunions showed that the costs for humeral, femo-
ral and tibia nonunions range from £15 566 to £17 200 [1,2]. In
addition, surgical treatment of long bone nonunions is com-
plex, often aggressive and with a failure rate of 5% to 40%, rep-
resenting an important challenge in orthopedic surgery [2].
Biophysical methods for the treatment of bone fractures,
particularly pulsed electromagnetic field (PEMF) devices, have
several advantages over the conventional pharmacological and
surgical treatments. These advantages include noninvasive
design, limited systemic effects, high patient compliance, and
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reduced costs [3]. In the 1950s, Fukuda and Yasuda carried out
several studies on piezoelectric properties of bone and the role
of piezoelectric fields in osseous healing; later, they showed
the effect of electric current passing through bone on callus
formation [3,4]. Since then, numerous preclinical and clinical
studies investigated the use of electromagnetic fields (mostly
low-frequency PEMFs, 5—30 Hz) to enhance bone healing in
delayed unions, nonunions (ie., pseudarthrosis), or osteopo-
rosis [4,5]. In patients with primary and secondary osteoporo-
sis, low-frequency PEMFs relieve chronic bony pain with no
side effects [6], and in ovariectomized (OVX) rats, treatment
with low-frequency PEMFs prevents bone loss and deteriora-
tion of bone microarchitecture and strength, possibly via the
Wnt/B-catenin signaling pathway [7]. I vitro studies showed
that PEMFs at different low frequencies increase alkaline
phosphatase level/activity, osteoblast marker gene expression,
extracellular matrix production and osteoblast proliferation,
as well as inhibit bone resorption [7,8]. In acute diaphyseal
fractures, PEMF stimulation accelerates the time to radiolog-
ical and clinical union [9]. Teven et al. [10] first demonstrated
that high-frequency (HF) PEMFs (=1 MHz), delivered by a
Food and Drug Administration (FDA)-approved device for
the treatment of soft tissue discomfort and edema, are capable
of inducing osteogenic differentiation in murine osteoprogen-
itor cells, without the addition of costimulants [10]. However,
the precise molecular mechanisms underlying the beneficial
effects of PEMFs are yet to be determined.

In their systematic review on the effects of PEMFs on knee
osteoarthritis in 930 patients, Ryang We et al. did not show
any local or systemic adverse reactions of PEMFs stimulation
[11]. Nevertheless, a considerable variability exists between
studies concerning the effects of PEMF stimulation on bone
formation/growth and healing, mostly due to differences
in methodology. For example, there is a lack of agreement
regarding the optimal timing of PEMF treatment, duration
of daily exposure, and the overall duration of treatment [12].
Also, there is no consensus on the spectral characteristics
of PEMF waveforms and energy output of PEMF devices.
Depending on these parameters, different signaling mecha-
nisms may be activated in target cells [13], which can facilitate
or suppress differentiation in osteoclast-like cells [14]. In addi-
tion, most previous studies on the biological effects of PEMFs
are limited by the fact that they based their conclusions on
only one quantitative method (e.g., micro-computed tomog-
raphy [micro-CT] or mechanical strength testing) with the
other methods being qualitative, such as observer-based clini-
cal and radiological scoring, evaluation of histological images,
and pain questionnaires [15].

In this study, we aimed to investigate the effects of
HEF-PEMF stimulation on fracture healing using a rat model.
After a femur fracture model was established by surgery, 20

rats were equally divided into control and HF-PEMF group.
Starting from the first postoperative day, rats in HF-PEMF
group were exposed to PEMFs at 400 pulses/sec (pps) for
10 minutes/day, for two weeks. Quantitative and qualitative
assessment of bone formation was made at two and eight
weeks following surgery and included morphological analysis,
serological analysis of bone formation markers by enzyme-
linked immunosorbent assay (ELISA), micro-CT, three-point
bending test, and histological analysis.

MATERIALS AND METHODS

Experimental design

We used a rat model of femur fracture to investigate the
effects of HF-PEMFs on fracture healing. Twenty male Wistar
albino rats were provided by the Centre of Experimental
Medicine of University of Medicine and Pharmacy “luliu
Hatieganu, Cluj-Napoca. The Ethics Committee of “luliu
Hatieganu” University of Medicine and Pharmacy and
Veterinary Sanitary Committee of Cluj County approved
the study protocol and experimental procedures (Approval
No. 85/19.07.2017). Previous studies have shown that 20 rats
is the optimal sample size to obtain significant results at two
and eight weeks following surgical procedure. Orthopedic
surgeons performed a femur surgery in 20 rats at the Centre
of Experimental Medicine of University of Medicine and
Pharmacy “luliu Hatieganu, Cluj-Napoca. The rats were
divided into two equal groups (n = 10): untreated control
group (CG) and group treated with HF-PEMFs.

Surgery technique

The rats were two months old and weighted 223.7 + 17.1 g.
General anesthesia was induced with 0.04 mL of xylazine
(Bioveta, Romania, Xylazine Bio 2%) and 0.08 mL of ket-
amine hydrochloride (Biotur, Romania, Ketamine 10%) per
100 g body weight, administered intramuscularly (i.m). The
left femur was used in each case. The animal was placed in
the supine position, and the surgical site was shaved, cleaned
with iodine solution and draped for aseptic surgery. A longi-
tudinal incision of 1.5 to 2 cm was made on the lateral aspect
of the femur, through the skin, subcutaneous tissue and ilio-
tibial band, and blunt dissection of the intermuscular septum
between biceps femoris and vastus lateralis was performed.
After the exposure and inspection of the bone, a transverse
fracture was produced with a blade in the middle of the femo-
ral shaft. The femoral canal was opened through the intercon-
dylar fossa of femur, using a needle. After the fracture reduc-
tion, 20 x 1 mm medical grade titanium nails (TigoAl6V4)
were implanted retrograde into the medullary canal down

to the trochanteric region to stabilize the fracture. At the end
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of surgery, the muscle and subcutaneous layers were closed
using resorbable sutures and the tegument was closed using
nonresorbable sutures. After the surgery, the animals were
housed in four cages (n = 5 rats/cage) under controlled con-
ditions (12/12 hours light/dark cycle, room temperature of
22-23 °C) and fed ad libitum.

We performed clinical evaluation, gait inspection, and
incision examination in rats on a daily basis for two or eight
weeks. Any pathological findings were noted.

Rats were euthanized by anesthetic overdose at two
(10/20 rats, n = 5 rats/group) or eight weeks (10/20,
n = 5/group) after the surgery. The left femurs were harvested
and the soft tissue around the bone was cleaned taking care
not to damage or disrupt the bone callus. The samples were

placed separately in 10% formaldehyde.

Pulsed electromagnetic field therapy

Starting from the first postoperative day, rats in HF-PEMF
group were exposed to PEMFs (400 pps, a mean power out-
put of 25.35 W [peak power output of 975 W], average field
strength of 50 mW/cm?), 10 minutes/day, seven days/week,
for two weeks (14 sessions). The total energy was 15.21 kJ.
HEF-PEMFs were generated by a Diapulse device (Diapulse
Corporation of America, USA), which delivers pulsed,
non-thermal electromagnetic waves at a (high) frequency of
27.12 MHz and a wavelength of 11.06 m. The pulses have a
duration of 65 microseconds and a frequency of 400 pps. The
mean power output and total energy were calculated using the
formulas: mean power [W] = peak power [W] x pulse dura-
tion [s] x pulse frequency [Hz], and total energy [kJ] = mean
power [W] x application time [s].

The electromagnetic filed was delivered through a drum-
shaped head of 9 inches in diameter, placed above the area
that was treated. Two rats at a time were placed in a 3-inch-
high plastic box and covered with the diaphragm emitter. The
drum-shaped head was positioned at a distance of 3 to 5 cm

from rat bodies, to maximize the effect of PEMFs (Figure 1).

Alkaline phosphatase and osteocalcin analysis

Blood was collected from the retro-orbital sinus
(0.6 ml/rat/examination) at the following time points: before
the surgery (day o, n = 20 rats), after the completion of PEMF
therapy (day 14, n = 20), and at the end of the experiment
(day 56, n = 10). Markers of bone formation, osteocalcin
(OC) and alkaline phosphatase (ALP), were evaluated with
commercially available, tissue non-specific, Rat OC/BGP
(Osteocalcin) ELISA kit ERi205 (Wuhan Fine Biological
Technology Co, Ltd, China) and ALP reagent OSR6504 used

with the AU680 system (Beckman Coulter, USA).

FIGURE 1. Starting from the first postoperative day, rats in
HF-PEMF group were exposed to PEMFs (400 pps, a mean power
output of 25.35 W), 10 minutes/day for two weeks (14 sessions).
HF-PEMFs were generated by a Diapulse device. The electro-
magnetic filed was delivered through a drum-shaped head of 9
inches in diameter, placed above the treated area. Two rats at a
time were placed in a 3-inch-high plastic box and covered with
the diaphragm emitter. The drum-shaped head was positioned at
a distance of 3 to 5 cm from rat bodies, to maximize the effect
of PEMFs. HF-PEMF: High-frequency pulsed electromagnetic field.

Micro-CT and histological analysis

The femurs were cleansed with saline solution (0.9%) to
remove excessive formaldehyde and left for 2 hours at room
temperature to dry. The samples were scanned using the
Bruker micro-CT SkyScan 1172 (Bruker-microCT, Belgium).
The scanned data were transformed into images using CT Vol
v.2.2.1 (Bruker-microCT, Belgium) and CTAn v.i.12 (Bruker-
microCT, Belgium). The region of interest (ROI) was estab-
lished at the upper and inferior part of bone callus. The mean
height of bone callus was 4.7 + 0.72 mm. From the RO, the
total tissue volume (TV), total bone volume (BV), and bone
volume relative to total tissue volume (BV/TV) were cal-
culated. The trabecular bone architecture was assessed by
calculating the trabecular thickness (TbTh), trabecular sep-
aration (Tb.Sp), and trabecular number (Tb.N). The nomen-
clature and units were according to the American Society of
Bone and Mineral Research (ASBMR) Histomorphometry
Nomenclature Committee recommendations.

At two or eight weeks postoperatively, the titanium nails
were removed and tissues samples from each group were
stained with hematoxylin and eosin (H&E). Qualitative analy-
sis of chondrocytes, collagen fibers, and bone matrix was per-

formed in the callus area using an optical microscope.

Three-point bending test

After the imaging analysis was completed, six femurs per
experimental or control group (ie, n = 3 femurs/group at

two and eight weeks postoperatively) were selected for the
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three-point bending test. The test was carried out using the
ProLine Material Testing Device (Zwick Roell, Germany) at
the Mechanical Faculty, Technical University of Cluj-Napoca.
The results were processed using a software associated with
the test device and included mechanical strength in the frac-
ture focal point (N) and the degree of elastic deformation
(mm) until the fracture was produced. A custom-made device
was used, with a 6 mm diameter steel cylinder as the loading
pin and two supporting pins placed 20 mm apart from each
other.

Statistical analysis

Data were analyzed using IBM SPSS Statistics for
Windows, Version 21.0. (IBM Corp, Armonk, NY) and
GraphPad Prism version 6.00 for Windows (GraphPad
Software, La Jolla California USA). Results were expressed
as mean + standard deviation and minimum and maximum
values. Differences between the groups were tested using the
two-tailed Student’s t-test. Results were considered statisti-
cally significant if p < 0.05.

RESULTS

No deaths were observed during the experiment. One rat
from the control group acquired a thigh infection and was
excluded from further analysis. Starting from the first postop-
erative day, all rats could walk without putting weight on the
operated limb. At the end of the experiment, the rats weighted
276.2 + 12.6 g and had no changes in the overall aspect of the
lower limb or gait.

Figure 2A-F shows complications observed in two groups
at two and eight weeks following surgery. At two weeks,

bone callus in control group was composed of fibrous tis-
sue (Figure 2C), while in HF-PEMF group it had calcified
islands (Figure 2D). At eight weeks, there was a case of delay
in consolidation in control group (Figure 2A), and a case of a
valgus deformation in HF-PEMF group (Figure 2B). In con-
trol group, the femur diameter at the fracture site was larger
than the diameter of the adjacent proximal and distal regions
(Figure 2E). In HF-PEMF group, the diameter of the femur
was almost normal at eight weeks (Figure 2F).

ALP and OC analysis

During the first two weeks postoperatively, the serum
concentration of ALP and OC increased in both groups
(Figure 3), with a significant difference between the first and
14™ postoperative day (p < 0.005 for ALP and p < 0.002 for
OC). At two weeks, the concentration of ALP and OC was
significantly higher in HF-PEMF compared to control group
(for ALP 7771 + 51.48 U/L HF-PEMF vs. 638.6 + 25.30 U/L
control, p = 0.026; for OC 39.21 + 1.81 pg/ml HF-PEMF vs.
32.27 + 1.31 pg/ml control, p = 0.006). From the second to
eighth week, the concentration of ALP and OC decreased in
both groups (for ALP p < 0.001 in both groups; for OC p = 0.1
in control and p < 0.001 in HF-PEMF). At eight weeks, there
were no significant differences between two groups in the
concentration of ALP (367.5 + 28.53 U/L HF-PEMF vs. 441.2
+ 13.22 U/L control, p = 0.056) and OC (21.47 + 1.79 pg/ml
HF-PEMF vs. 26.83 + 3.42 pg/ml control, p = 0.19).

Imaging analysis

At two weeks postoperatively, the total tissue and bone

volumes were significantly larger in HF-PEMF compared
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FIGURE 2. Macroscopic findings in control and HF-PEMF group at two and eight weeks after surgery. A) There was a delay in consoli-
dation in control group, but B) valgus consolidation was observed in HF-PEMF group. C) At two weeks, bone callus in control group was
composed of fibrous tissue, while D) in HF-PEMF group it had calcified islands. E) At eight weeks in control group, the femur diameter at
the fracture site was larger than the diameter of the adjacent proximal and distal regions. F) In HF-PEMF group, the diameter of the femur
was almost normal at eight weeks. HF-PEMF: High-frequency pulsed electromagnetic field.
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FIGURE 3. Serum concentration of ALP (A) and OC (B) in control and HF-PEMF group, at the beginning of the experiment (before
surgery), and at two and eight weeks after surgery. During the first two weeks postoperatively, the serum concentration of ALP and OC
increased in both groups. At two weeks, the concentration of ALP and OC was significantly higher in HF-PEMF compared to control
group (for ALP p=0.026; for OC p = 0.006). From the second to eighth week, the concentration of ALP and OC decreased in both groups.
At eight weeks, there were no significant differences between two groups in the concentration of ALP (p = 0.056) and OC (p = 0.19).
*indicates statistically significant difference. CG: Control group; HF-PEMF: High-frequency pulsed electromagnetic field; ALP: Alkaline

phosphatase; OC: Osteocalcin.

to control group (total tissue volume: 254.4 + 10.7 mm?® vs.
221.1 + 22.2 mm’, p = 0.038; total bone volume: 87.16 + 8.75
mm? vs. 66.17 + 8.5 mm?, p = 0.041). The BV/TV ratio, indi-
cating bone density in the total tissue volume, was also higher
in HF-PEMF vs. control group [34.22% + 2.55 vs. 29.87% + 1.11,
p = 0.047] (Figure 4A). On the other hand, there were no sta-
tistical differences between two groups in the trabecular thick-
ness (0.58 + 0.11 mm HF-PEMF vs. 0.49 + 0.05 mm control, p =
0.21), trabecular separation (0.86 + 0.12 mm vs. 1.03 + 0.14 mm,
p = 0.18) and trabecular number [0.72 + 0.07/mm? vs. 0.72 +
0.03/mm?, p = 0.13] (Figure 4B).

At eight weeks postoperatively, the total tissue volume
was significantly larger in control compared to HF-PEMF
group (151.70 + 6,70 mm? vs. 127.29 + 15.25 mm?, p = 0.006),
but no significant difference in the total bone volume was
observed between two groups (77.85 + 7.42 mm?* HF-PEMF
vs. 83.63 + 4.01 mm? control, p = 0.1). Thus, the BV/TV ratio
was significantly higher in HF-PEMF vs. control group [61.34%
+2.61Vs.55.23% * 3.8, p = 0.01] (Figure 4A). There was a signif-
icant difference between two groups in the trabecular separa-
tion (0.46 + 0.01 mm HF-PEMF vs. 0.57 + 0.08 mm control,
p = 0.018) but not in the trabecular thickness (0.61 + 0.04 mm
HE-PEMF vs. 0.59 + 0.05 mm control, p = 0.41) and trabecu-
lar number (1.02 + 0.12/mm? HF-PEMF vs. 1.08 + 0.05/mm?
control, p = 0.1).

Three-point bending test

At two weeks following surgery, the mechanical strength
of femurs was higher in HF-PEMF compared to control group
(351N + 5.6 vs. 21.83 N + 4.2, p = 0.03), and the elastic defor-
mation until fracture was smaller [0.7 + 0.06 mm HF-PEMF
vs. 1.03 + 0.12 mm control, p < 0.01] (Figure 5A).

At eight weeks following surgery, the bending resistance
of femurs increased in both groups, with no significant dif-
ference in mechanical strength (1123 N = 6.7 HF-PEMF

vs. 100.5 N + 7.2 control, p = 0.09) and elastic deformation
[0.59 + 0.06 mm HF-PEMF vs. 0.64 + 0.08 mm control,
p = 0.23] between two groups (Figure 5B).

Histology

At two weeks after surgery, femurs from control group
showed a persistent infiltration of inflammatory cells (yel-
low arrow) and numerous chondrocytes (green arrow) at the
fracture site (Figure 6A). In femurs from HF-PEMF group,
soft callus was at a more advanced, fibrocartilaginous stage
and there was synthesis of new collagen fibers (blue arrow).
These samples had no inflammatory infiltrates and had less
chondrocytes [green arrow] (Figure 6C). In addition, fibrous
tissue was more abundant in HF-PEMF group and was more
pronounced towards the periphery of the callus.

At eight weeks after surgery, there was a lower amount of
bone marrow in the medullary cavity and less defined woven
bone trabeculae (black arrow) in femurs from control group
(Figure 6B). In contrast, the samples from HF-PEMF group
had a completely formed woven bone (black arrow) with
dense trabeculae and had active bone marrow (Figure 6D).

DISCUSSION

Bone healing is a complex process involving inflammation,
bone formation and remodeling. In this study, we used a rat
model of femur fracture to investigate the effects of HF-PEMFs
(at 400 pps, applied for 10 minutes/day for two weeks) on the
acute phase of fracture healing. The acute phase of bone heal-
ing includes the formation of hematoma, infiltration of inflam-
matory cells, and formation of soft callus. The transition from
the inflammatory to the soft callus stage occurs within 10 to
14 days of injury [16].

Previous research has shown that PEMFs can accelerate

healing of soft tissue injuries, e.g. contusion, sprain, luxation
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FIGURE 4. Micro-CT analysis of TV, BV, BV/TV ratio, and trabecular
bone architecture in the ROl within callus, in control and HF-PEMF
group at two and eight weeks after surgery. A) At two weeks
postoperatively, the TV and BV were significantly larger (p = 0.038
and p = 0.041, respectively) and the BV/TV ratio was significantly
higher (p = 0.047) in HF-PEMF compared to control group. At
eight weeks postoperatively, the TV was significantly larger in
control compared to HF-PEMF group (p = 0.006), but no signif-
icant difference in the BV was observed between two groups
(p=0.1). The BV/TV ratio was significantly higher in HF-PEMF vs.
control group (p = 0.01). B) At two weeks postoperatively, there
were no statistical differences between two groups in the Tb.Th
(p=021), TbSp (p = 0.18) and Tb.N (p = 0.13). At eight weeks
postoperatively, there was a significant difference between two
groups in the Tb.Sp (p = 0.018) but not in the Tb.Th (p = 0.41)
and Th.N (p = 0.1). *indicates statistically significant difference.
Micro-CT: Micro-computed tomography; ROIl: Region of interest;
TV: Total tissue volume; BV: Total bone volume; BV/TV: Bone vol-
ume relative to total tissue volume; Th.Th: Trabecular thickness;
Tb.Sp: Trabecular separation; Tb.N: Trabecular number; HF-PEMF:
High-frequency pulsed electromagnetic field; CG: Control group.

and hematomas, by 30% to 50% [17]. In clinical setting, four
to eight PEMF sessions are required to treat acute and sub-
acute conditions and 10 to 15 sessions are needed for the treat-
ment of chronic conditions [18]. Based on the previous stud-
ies, we selected 14 sessions as the optimal number of PEMF
treatments.

Bombonica Dogaru et al. showed that HF-PEMFs stimu-
lation of 35 rats, at 400 pps, applied for 10 minutes/day affects
the synthesis and secretion of adrenal hormones (cortisol and
aldosterone) [19]. HF-PEMFs also promote the healing of dam-
aged bone tissue in patients with algoneurodystrophy [20]. In
our study, HF-PEMFs accelerated fracture healing in rats by
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FIGURE 5. Results of three-point bending test in control and
HF-PEMF group at A) two and B) eight weeks after surgery. At
two weeks postoperatively, the mechanical strength of femurs
was higher in HF-PEMF compared to control group (351 N +
56vs. 21.83 N + 4.2, p = 0.03), and the elastic deformation until
fracture was smaller (0.7 + 0.06 mm HF-PEMF vs. 1.03 + 0.12 mm
control, p < 0.01). At eight weeks postoperatively, the bending
resistance of femurs increased in both groups, with no signifi-
cant difference in mechanical strength (1123 N + 6.7 HF-PEMF
vs. 100.5 N + 7.2 control, p = 0.09) and elastic deformation (0.59 +
0.06 mm HF-PEMF vs. 0.64 + 0.08 mm control, p = 0.23) between
two groups. *indicates statistically significant difference. HF-PEMF:
High-frequency pulsed electromagnetic field; CG: Control group.

increasing the rate of callus mineralization. Specifically, the
BV/TV ratio at two and eight weeks postoperatively and the
concentration of early (ALP) and late (OC) osteogenic mark-
ers at two weeks postoperatively were significantly higher
in HF-PEMF compared to control group. Moreover, the
mechanical strength test showed a higher bending strength
and smaller elastic deformation of femurs in HF-PEMF group.
Overall, our results are indicative of a more advanced stage of
bone healing in HF-PEMF vs. control group at two and eight
weeks postoperatively.

PEMF treatments vary in EMF frequency, pulse dura-
tion/shape, duration of exposure, and type of stimulator [21].
Depending on the configuration and dose of electric or
electromagnetic input, different transmembrane signaling
mechanisms may be activated in target cells. Previous studies
have shown that the maximum effective frequency range of
PEMFs for humans is between 1 and 50 Hz, while frequen-
cies >100 Hz are not effective and result in osteoclastogene-
sis [21]. In PEMFs, longer intervals between pulses eliminate

heat, producing a nonthermal biological effect [22]. The
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FIGURE 6. Histological analysis of femurs in control and HF-PEMF group at two and eight weeks after surgery (4%, hematoxylin and
eosin [H&E]). A) At two weeks postoperatively, femur samples from control group showed a persistent infiltration of inflammatory cells
(yellow arrow) and numerous chondrocytes (green arrow) at the fracture site. B) At eight weeks, there was a lower amount of bone mar-
row in the medullary cavity and less defined woven bone trabeculae (black arrow) in femurs from control group. C) In HF-PEMF group
at two weeks, soft callus was at a more advanced, fibrocartilaginous stage and there was synthesis of new collagen fibers (blue arrow).
These samples had no inflammatory infiltrates and had less chondrocytes (green arrow). D) At eight weeks, femurs from HF-PEMF group
had a completely formed woven bone (black arrow) with dense trabeculae and had active bone marrow. HF-PEMF: High-frequency

pulsed electromagnetic field.

frequency of impulses has thus been calculated so that the
effect of each impulse continues on the biological effect of a
previous impulse. The first study on the osteoinductive effects
of HF-PEMFs (=1 MHz) showed that HF-PEMF stimulation
increases ALP activity (marker of early osteogenic differen-
tiation), as well as OC expression and matrix mineralization
(both are indicators of late stage osteogenic differentiation) in
murine osteoprogenitor cells [10]. Similarly, our i vivo study
in rats showed higher levels of ALP and OC in HF-PEMF vs.
control group at two weeks of HF-PEMF stimulation.

Currently, there is a lack of agreement regarding the onset
time for PEMF treatment. In animal studies, some authors
suggest that PEMF treatment should be started as early as pos-
sible after the fracture is induced [15]. Others indicate that the
bone trauma should progress to an inactive state before PEMF
treatment is applied [15], modeling thus a delayed union or
nonunion phenotype [23]. In the current study, we started
HE-PEMF treatment in rats shortly after the fracture was sur-
gically induced, i.e., from the first day postoperatively.

Clinical studies in the fields of orthopedics and trauma-
tology showed that PEMF therapy decreases edema, reduces
pain and wound healing time [5], as well as accelerates hema-
toma resolution [24] and bone consolidation [21]. It is well-
known that callus formation is stimulated by controlled
micromovements applied to the fracture focus. The patient
is usually immobilized and unable to move in the first days

following the trauma. A direct application of electric current
and associated electromagnetic field at the fracture focal point
mimics the effect of mechanical stress to which the bone is
subjected, promoting the formation of new bone and miner-
alization [25].

Duration of exposure to PEMFs is also an important fac-
tor, especially in terms of patient compliance. In clinical set-
ting, the transmitter is placed at a very low distance from the
human body (at a maximum 5 cm distance), as the air layer
between the PEMF-emitting region and body surface causes
electromagnetic waves to disperse [26]. In our study, the rats
were smaller in size than the emitting area of Diapulse device
and the exposure to PEMFs was systemic.

PEMF devices with a mean power output of less than
38 W do not produce thermal effects nor do they cause burns
or other skin lesions in the treated area [27]. To limit the side
effects, we used a PEMF device with the mean power output
of 25.35 W and we exposed the rats to HF-PEMFs for 10 min-
utes/day. Pulsed short-wave diathermy activates enzymatic
reactions, increases cell metabolism and tissue metabolic rate,
as well as alters cell membrane permeability due to increased
arterial blood flow velocity [28]. The exposure of the gastroc-
nemius muscle to an average root mean square output of 48 W
increases its temperature by 1.36 + 0.90 °C at 5 minutes of
exposure, 2.87 + 1.44 °C at 10 minutes, 3.78 + 1.19 °C at 15 min-
utes, and 3.49 + 1.13 °C at 20 minutes [29]. Long-term exposure

207



Daniel Oltean-Dan, et al.: HF-PEMFs enhance bone consolidation in vivo

(28 days) to extremely low-frequency (ELF)-PEMFs induces
oxidative stress in cerebral cortex and pathological lesions in
immune organs (thymus, spleen) of mice [30]. On the other
hand, repeated exposure of human osteoblasts (hOBs) to ELF-
PEMFs for one week stimulates their differentiation, by pro-
ducing nontoxic amounts of reactive oxygen species (ROS)
and consequently inducing antioxidative defense mecha-
nisms in osteoblasts. Therefore, ELF-PEMFs may be a useful
supplement to conventional therapy in fracture healing [31].
Similarly, repeated exposure of primary human osteoblasts
to specific ELF-PEMFs for 21 days significantly increases the
total protein content, mitochondrial activity, ALP activity, and
enhances the formation of mineralized matrix during their
differentiation [32].

In the current study, we used 20 x 1 mm medical grade
titanium nails (Ti9oAl6V4) for fracture stabilization and
reduction, because of their enhanced mechanical properties
and biocompatibility [33]. While some studies indicated that,
in the medullary canal of rabbit long bones, PEMFs promote
bone formation around implants by modulating the activity
of primary activators in bone cells [34], others showed no dif-
ference in bone formation around titanium surface implanted
in tibiae of rabbits between PEMF and control group [35].
However, in the latter study, the authors suggested that dura-
tion of stimulation and intensity of electromagnetic power
may have affected their results [35].

Most previous studies on the biological effects of PEMFs
are limited by the fact that they relied primarily on the qualita-
tive assessment of newly formed bone volume during fracture
healing and included very few quantitative measures. In the
current study, we used several types of quantitative parame-
ters of bone formation, including serum markers (ALP and
OC), imaging measures (TV, BV, BV/TV) and three-point
bending test values (mechanical strength and elastic deforma-
tion), supplemented by the histological analysis.

Overall, our results indicate that HF-PEMFs generated
by a Diapulse device facilitate bone healing by shortening the
time to consolidation.

A limitation to our study is that the exposure to HF-PEMFs
was systemic. In clinical setting, local PEMF stimulation
is more plausible and also increases patient compliance to
treatment. We also did not use a histomorphometric system
to quantify parameters such as bone volume, tissue volume,
osteoid volume and interlabel width based on the histological

images.
CONCLUSION

In conclusion, HF-PEMFs applied from the first post-
operative day, 10 minutes/day for two weeks, enhance bone
consolidation in rats, especially in the early phase of fracture

healing. Future studies should elucidate the molecular mech-
anisms underlying stimulatory effects of HF-PEMFs on bone
formation as well as the impact of HF-PEMFs on fracture heal-
ing in humans.
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