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Abstract

Background: High-intensity focused electromagnetic (HIFEM) field technology has been reported to increase muscle thickness and hypertrophy.
However, this process has not yet been confirmed on a histologic level.

Objectives: The aim of this study was to evaluate in-vivo structural changes in striated porcine muscle tissue following HIFEM treatment.
Methods: Three Yorkshire pigs received four 30-minute HIFEM treatments applied to the biceps femoris muscle on 1 side only. The fourth pig served
as a control subject. At baseline and 2 weeks after the last treatment, biopsy specimens of the muscle tissue were collected from the treatment site. The
control pig underwent muscle biopsy from a similar but untreated site. Twenty-five histology slides were evaluated from each pig. A certified histopath-
ologist analyzed sliced biopsy samples for structural changes in the tissue.

Results: Histologic analysis showed hypertrophic changes 2 weeks posttreatment. The muscle mass density increased by 20.56% (to a mean of
17,053.4 [56179] um?) compared with baseline. Similarly, muscle fiber density (hyperplasia) increased: the average change in the number of fibers in a
slice area of 136,533.3 um? was +8.0%. The mean size of an individual muscle fiber increased by 12.15% (to 332.23 [280.2] um?) 2 weeks posttreatment.
Control samples did not show any significant change in fiber density or hyperplasia.

Conclusions: Histopathologic quantification showed significant structural muscle changes through a combination of fiber hypertrophy and hyper-
plasia. Control biopsies showed a lack of similar changes. The data correlate with findings of other HIFEM research and suggest that HIFEM could be used
for noninvasive induction of muscle growth.

Editorial Decision date: August 30, 2019; online publish-ahead-of-print October 26, 2019.
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modalities of these radiofrequency devices are based on
emitting electromagnetic waves of high frequencies (0.5-
50 MHz)? which are predominantly absorbed in the sub-
cutaneous fat tissue, where the energy of the waves is
transformed into heat. HIFEM technology, on the other
hand, does not deliver any heating through electromag-
netic radiation, as it utilizes magnetic waves of very low
frequencies (3-5 kHz) which propagate through the tissue
without being absorbed. In this case, an interaction be-
tween the wave and human tissue occurs according to the
principles of electromagnetic induction, first described by
Michael Faraday in 1831. The law of electromagnetic in-
duction says that any change in a magnetic field induces
an electric current and vice versa. The HIFEM device com-
prises a circular coil located in the applicator, which is
placed over the treatment area. During the treatment, an
alternating electric current is sent into the circular coil.
The alternations in the electric current induce rapidly
changing magnetic waves which propagate into the un-
derlying tissue, where they induce a secondary electric
current. These electric currents within the tissue depo-
larize the muscle-innervating motor neurons and induce
muscle contractions.?

Several studies have shown that humans are unable to
fully activate muscles voluntarily as the power of muscle
contraction is limited by the firing rates and conductivity
of neural pathways.*? Application of HIFEM bypasses the
central and peripheral nervous system and directly stimu-
lates the muscle-innervating motor neurons, allowing
full muscle contraction. In addition, the frequency of de-
livered pulses does not allow the muscle to relax between
2 consecutive stimuli, which results in supramaximal ten-
sion within the muscle and thus supramaximal muscle
contraction.

Multiple studies have investigated the effects of rapidly
changing magnetic fields delivered through HIFEM tech-
nology.®13 The studies by Kent et al,!! Katz et al,’* and
Kinney et al® employed computed tomography (CT), ul-
trasound, and magnetic resonance imaging (MRI), respec-
tively, to investigate changes in abdominal composition
post-HIFEM treatments. The thickness of abdominal mus-
cles measured in CT and MRI images increased on av-
erage by 14.8% to 15.4%), indicating muscle hypertrophy.
Although HIFEM technology directly affects muscles, the
studies also found that the thickness of abdominal fat was
reduced on average by 17.5% to 19%. The effect of the
HIFEM procedure on adipose tissue was confirmed by a
veterinary study,’®> which reported increased apoptotic
index and apoptotic markers in the fat tissue post-HIFEM
treatments.

Results from human trials suggest that HIFEM tech-
nology is a feasible modality for the aesthetic industry
and could be widely used in body contouring for simulta-
neous fat reduction and muscle toning. Clinical trials are

currently underway to assess the use of this technology to
improve strength and tone in biceps, triceps, and gastroc-
nemius muscles. HIFEM has also been successfully used
for strengthening the pelvic floor.'

Unlike fat apoptosis, which was confirmed on a his-
tologic level, there is no histologic evidence for muscle
hypertrophy. Because muscle thickness was found to
be increased posttreatment, it might not necessarily in-
dicate muscle fiber hypertrophy, but could be linked to
swelling,'® overall hydration, or increased water content in
the muscle,'® which may change with time. Therefore, his-
tologic evaluation is necessary to confirm the observations
on a cellular level.

The present study aimed to investigate the effect of
an HIFEM-based procedure on muscle cells in a porcine
model. The goal was to determine whether muscle hyper-
trophy is present on a cellular level.

METHODS

Four Yorkshire pigs served as subjects. Inclusion in the
study required the animals to be in full physical health,
which was assessed via blood samples collected 2 days
before the treatment began. Three pigs received active
treatment applied to the unilateral thigh, and the fourth
untreated animal served as a control. The treatment pro-
cedure consisted of 4 sessions (30 minutes each) with a
device that utilizes HIFEM technology (EMSCULPT; BTL
Industries Inc., Boston, MA). The treatment sessions
were scheduled twice a week for 2 weeks. The study
was approved by the Institutional Animal Care and Use
Committee (Bulgarian Food Safety Agency—BFSA com-
mittee, ID 195/2018). Animal care complied with the con-
vention for the protection of vertebrate animals used for
experimental and other scientific purposes. The experi-
ment was conducted in July and August 2018.

During each treatment session, the animals were placed
under general anesthesia to minimize their discomfort;
this process was supervised by a veterinarian who chose
the type and dosing of the anesthetic. A single applicator
of the device was placed over the back thigh of the pig and
secured by a fixation belt. All parameters used were iden-
tical to those commonly used in humans. Device settings
were controlled by the operator. The intensity was gradu-
ally increased to 100% of the maximum device output, at
which level it was maintained for the rest of the treatment
time. For the 30 minutes of the treatment, the applicator
was continuously delivering electromagnetic pulses with
a magnetic field intensity of up to 1.8 T. The applicator
position was adjusted during the treatment to ensure max-
imum contraction in the entire treatment area.

Punch biopsy specimens of muscle tissue were col-
lected with a disposable biopsy punch (diameter, 5 mm)

61.0Z 1240100 6z U0 1s8nb Aq 0%52095/b72ZIs/[Se/S601 0 1/10P/A0BIISqE-8]01Ee-80UBADE/[SE/WO00"dNo-lWBpeoE/:sdiy WOy pepeojumod



Duncan and Dinev

120000 -

W After

110000

100000 -

90000

80000

Muscle mass [um?]

70000 -

60000 -

50000 -

Animal 1 Animal 2 Animal 3 Control

M Before

Areaper one fibre [um?]

Control

Intervention

Figure 1. The average muscle mass per slice for each of the
animals. All treated animals showed a significant growth in
muscle mass. The muscle mass in the control animal did not
change significantly.

before the first treatment and 2 weeks after the last treat-
ment . The samples were fixed in 10% neutral buffered
formalin and stained with hematoxylin and eosin. For
microscopic evaluation, the samples were cut into 5-um
thick slices.

The slices were screened under a microscope (DFC295;
Leica Microsystems Ltd, Germany) and an image of the
entire slice was obtained for further analysis with Leica
Application Suite (version 4.9.0) software. Each slice area
was 136,533.3 um?. The analysis comprised the calcula-
tion of muscle fiber density, muscle mass density, and
muscle fiber volume. Muscle fiber density was obtained
as an average number of muscle fibers calculated individ-
ually in each slice. Muscle mass density was defined as
the slice area occupied by muscle tissue. Muscle volume
represents the area per single muscle fiber. ImageJ 1.52a
software (National Institutes of Health, Bethesda, MD)!?
was used to calculate the muscle mass density and
muscle fiber volume. Based on individual pixel color the
software automatically segments the muscle tissue within
the slices and calculates the area occupied by the muscle
tissue.

In addition, the animals were monitored for any pos-
sible external manifestations of adverse events or side
effects related to the procedure. The test animals were
examined after every procedure to ascertain whether they
exhibited any change in their condition compared with the
baseline examination.

The sliced biopsy samples collected at baseline and
2 weeks posttreatment were compared for histologic
changes. The statistical significance of possible changes
was assessed by ¢ test with a significance level set to
5%.

Figure 2. The average area per single muscle fiber in the
treated (left) and control (right) animals at baseline (red)
and posttreatment (blue).

RESULTS

The 4 recruited Yorkshire sows (females) were between
1.5 and 2 years old (mean, 1.7 [0.2] years) and their mean
weight was 74.6 [1.5] kg. All animals recovered from an-
esthesia without any complications or adverse events. The
skin of test animals did not show any signs of adverse
events such as erythema, scarring, ruptures, or skin tex-
ture change. The weights of all animals (treated and con-
trol) did not change after the treatments. In total 104 slices
were obtained by slicing the punch biopsy samples (26
slices per subject). The statistical analysis showed a sig-
nificant increase (P < 0.01) of muscle mass in the samples
from treated animals.

In the treated animals, the muscle mass density increased
on average by 20.56% (to a mean of 17,053.4 [5617.9]
pm?). An increase was observed in each of the treated ani-
mals, although the density remained constant in the control
animal, with the change being within the standard devia-
tion. The results for each animal are shown in Figure 1.

The change in the number of muscle fibers per slice
was not statistically significant (P > 0.05), although a
increasing trend was present in the treated animals as the
average fiber density increased by 8.0% from 35.0 [6.8]
to 38.2 [10.5]. The average muscle fiber density per
slice in the control animal was 36.0 [9.1] at baseline and
37.0 [10.2] 2 weeks posttreatment. The difference was not
statistically significant (P > 0.05).

Posttreatment, the average area per single muscle
fiber increased significantly (P < 0.05) by 12.15% (to
332.23 [280.16] pm?) in the intervention group. In the con-
trol animal the fiber area remained constant. See Figure 2
for the average results.
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Figure 3. (A, B) The white arrows point to areas with the appearance of the endothelial cells with the onset of new capillary
build-up in 2-week follow-up samples from the treated animals. White bar, 35 pm.

A further observation was neovascularization of the
muscle tissue, which was widely seen in the 2-week fol-
low-up histologic samples of the intervention group. Figure 3
shows samples exhibiting new capillary build-up.

DISCUSSION

Hypertrophy is normally seen in humans. There is, how-
ever, little evidence as to whether the overall muscle in-
crease is simply due to increased thickness of individual
muscle fibers (fiber hypertrophy) or due to a combination
of fiber hypertrophy and multiplication of existing fibers/
creation of new fibers (hyperplasia). Hyperplasia in hu-
mans is controversial among the scientific community,
but existing studies have assessed this phenomenon after
sets of ordinary exercises.!® HIFEM, on the other hand,
induces approximately 20,000 strong, supramaximal con-
tractions within a time frame of 30 minutes, which cannot
be achieved voluntarily, and the effects thus could be sig-
nificantly higher, even leading to hyperplasia. Previous
research on HIFEM technology showed an increase in
muscle thickness in MRI, CT, and ultrasound images, pro-
viding evidence of muscle hypertrophy.®!! However, no
study to date has looked at what happens to the muscle
on a histologic level. The current study extends the scope
of the existing literature by evaluating the effect of HIFEM
treatments on individual muscle fibers, which has not
been studied before.

This study aimed to determine whether HIFEM treat-
ments can induce muscle hypertrophy on a cellular level.
The histologic examination demonstrated that 4 HIFEM
treatments induced prominent growth in the muscle tissue.
The observed increase in total muscle mass by 20.56%
appears to be mainly caused by a volumetric growth in
individual muscle fibers, ie, muscle fiber hypertrophy

(contributing 12.15%), and partially by an increase in
the number of muscle fibers, ie, hyperplasia (contributing
8.0%), although the latter was not statistically significant.

The muscle growth observed in the current study cor-
relates with previous research investigating the effect of
HIFEM treatments on muscles. Kent et al! and Kinney
et al® reported an increase in the muscle thickness by
14.8% and 15.4%, respectively. In comparison with these
studies, the 20.56% increase on a cellular level seen in this
study is larger, possibly due to densifying of the muscle
tissue, as the connective tissue surrounding muscle fibers
(endomysium) is compressed by increased muscle mass.
This has indeed been observed in the histologic slices, and
examples are shown in Figure 4. This is the first study
investigating the hypertrophic effects of HIFEM technology
on a histologic level, and hence there is no other histologic
research with which the present results can be compared.

The lack of significant hyperplasia could be attrib-
uted to the short duration of the follow-up period. The
posttreatment samples were collected 2 weeks after the
last treatment and this period might not have been enough
to fully manifest the hyperplastic changes as they might
require more time to occur than fiber hypertrophy. A study
by Crameri et al'® found that it took 4 to 8 days to capture
increased levels of myosatellite cells after a single bout of
exercise. Therefore the terminal differentiation of these
cells into clearly recognizable new muscle fibers might re-
quire more than 2 weeks.

The role of muscle fiber hyperplasia and muscle hy-
pertrophy in humans is controversial because no evidence
conclusively documents hyperplasia in human muscle.?%-2!
Although the indications of hyperplasia observed in our
study are not necessarily transferable to humans, it would
be convenient to investigate whether the same pattern can
be seen in human studies. Previous studies investigated
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Figure 4. Example of histologic images of slices taken at (A, C, E, G) baseline and (B, D, F, H) 2 weeks posttreatment. The baseline
images (A, C, E, G) show normal structure of muscle fibers, whereas the posttreatment images (B, D, F, H) show hypertrophy of
muscle fibers with the muscle cell diameter being noticeably larger. The same magnification is used in all the images.
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hyperplasia only postexercise, but HIFEM induced contrac-
tions of significantly higher strength and power than “exer-
cise contractions” and could eventually trigger the terminal
differentiation of myosatellite cells into new muscle fibers.

Besides HIFEM technology, which is based on magnetic
stimulation, modalities based on electrical stimulation,
such as electrical muscle stimulation (EMS) or transcuta-
neous electrical nerve stimulation (TENS), have been used
in the past for muscle training.?>>* Although TENS and
EMS are predominantly used in rehabilitation and phys-
iotherapy, HIFEM is the first muscle-affecting technology
intended for body contouring. However, electromagnetic
stimulation appears to offer a number of advantages over
electrical stimulation: it induces 2 times higher peak
torque*® and, unlike with electrical stimulation, there is
no pain®® or risk of burns?®?” with high stimulation in-
tensities. Electromagnetic stimulation was further found
to penetrate deeper into the tissue,?® which is linked with
the larger peak torques observed. The absence of adverse
events in our study correlates with previous studies on
humans. Due to the nonthermal nature of HIFEM tech-
nology, any risk of thermal tissue damage is eliminated.
It might be assumed that thabdomyolysis could occur fol-
lowing supramaximal contractions, but this has not been
observed. Other expected complications or adverse events
could be prolonged muscle soreness, swelling, bruising,
cramping, or erythema of the overlying skin, but none of
these were noted.

Observed neovascularization appears to be an adapta-
tion response to the high load induced by HIFEM treatments
when the growth of new capillaries is initiated to supply
nutrition to the increased muscle mass.2>3? Nevertheless,
the level of neovascularization was not quantified and
should thus not be considered as a definite conclusion. As
such, this observation will be subjected to additional re-
search in the future to provide objective evidence.

One of the limitations of the present study is the sample
size; the study included only 4 animals (3 treated animals
and 1 control) to minimize the number of animals in order
to conform to the convention for the protection of verte-
brate animals. However, to increase the statistical power
of the study, over 104 histologic slices were examined and
evaluated. Another limitation of the study is the short time
period between the treatment and the muscle biopsy, be-
cause with longer terms larger hypertrophy and higher
levels of hyperplasia may be noted, as discussed above.
The use of animal subjects in the study may also be con-
sidered as a limitation because the observed results may
not be fully transferable to humans. On the other hand, the
porcine model is widely used as a suitable substitute due
to its high biological similarity with humans.

The results suggest that HIFEM induces intense muscle
contractions, causing a response of the muscle tissue in
the form of muscle fiber hypertrophy, which correlates

with previous studies reporting increased muscle thick-
ness in CT! and MRI® images posttreatment. Future
studies should focus on further verification of the observed
hyperplastic effects via additional evaluation methods
such as monitoring the levels of myosatellite cells.?3? In
addition, longer follow-ups are required to capture poten-
tial terminal differentiation of the satellite cells.

To the best of our knowledge, no previous studies
investigating changes in strength after HIFEM have been
reported, although several studies have reported increased
muscle mass posttreatment.®11-12 Anecdotally, patients
often report increased strength during exercise after the
treatment procedure, and one may infer that an increase in
muscle mass is also linked with increased strength. Further
studies should include strength assessment prior to and
following HIFEM to document this hypothesized benefit.

CONCLUSIONS

Histopathologic evaluation found a hypertrophic effect of
HIFEM application on a cellular level, which correlates
to the muscle growth observed in previous studies. The
results indicate that intense muscle activity is induced
during the HIFEM treatments and suggests this technology
could serve as a convenient tool for muscle toning.
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