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Abstract

Background: With age, facial muscles lose the ability to complete contractions properly, resulting in limitation of facial ex-
pressions and fat shifting, and leading to skin creases and wrinkling.

Objectives: The aim of this study was to determine the effects of the novel high intensity facial electromagnetic stimulation
(HIFES) technology combined with synchronized radiofrequency on delicate facial muscles, using an animal porcine model.
Methods: Eight (n =8, 60-80 kg) sows were divided into the active group (n = 6) and the control group (n = 2). The active group
underwent four 20-minute treatments with radiofrequency (RF) and HIFES energies. The control group was not treated. Histology
samples of muscle tissue were collected by a punch biopsy (6 mm in diameter) from the treatment area of each animal at baseline,
1-month, and 2-month follow-up. The evaluation included staining of the obtained tissue slices with hematoxylin and eosin and
Masson’s trichrome to determine the changes in muscle mass density, number of myonuclei, and muscle fibers.

Results: The active group showed muscle mass density increase (by 19.2%, P < .001), together with elevated numbers of
myonuclei (by 21.2%, P < .05) and individual muscle fibers, which increased from 56.8 + 7.1to 68.0 + 8.6 (P <.001). In the
control group, no significant changes were seen in any of the studied parameters throughout the study (P > .05). Finally, no
adverse events or side effects were observed in the treated animals.

Conclusions: The results document favorable changes after the HIFES + RF procedure at the level of the muscle tissue,
which may be of great importance in terms of maintenance of facial appearance in human patients.

Editorial Decision date: February 28, 2023; online publish-ahead-of-print March 8, 2023.

Aging is a multifactorial process that affects all body
structures, causing emotional distress through altering of
the visual appearance and thus seh‘-perception.1_3 In the
face, the skeleton, ligaments, muscles, adipose tissue, and
skin undergo age-related changes at a different pace, how-
ever all structures interact with each other. Therefore, chang-
es in one structure affect others.* Facial muscles are one of
the most affected structures. Muscle changes can be promot-
ed by age and gradually lose their mass and function after
the third decade of life.®> The imbalance between the degra-
dation and synthesis of new muscle fibers leads to functional
setbacks, recognized as sarcopenia.6 Atrophic changes in
the muscle tissue can also result from neuromodulators

such as botulinum toxin type A inje(:tions.7'8 The decondi-
tioned muscles manifest themselves with loss of strength,
disorganized sarcomere spacing, and decrease in plasma
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membrane excitability, all of which lead to decreased muscle
twitch time and twitch force.>® Because the facial structures
are intertwined, changes in one structure can manifest them-
selves in other structures, and as a result of this deterioration
in muscle function certain facial expressions may be limited,
and changes in adjacent structures can be seen as well, such
as fat shifting and skin wrinkling.*

Facial muscles are a type of striated muscles that (in con-
trast to skeletal counterparts, which facilitate movement of
entire body parts) are embedded in a connective tissue
framework that interconnects all tissues from bone to skin
to perform facial emotional expressions and mastication.®
Recently high-intensity focused electromagnetic (HIFEM)
technology synchronized with radiofrequency (RF) has
been proven to be safe and effective in muscle strengthen-
ing of the large skeletal muscle groups; however, due to
the physiological differences between skeletal and facial
muscles, novel high intensity facial electromagnetic stimula-
tion (HIFES) technology with synchronized radiofrequency
was developed to strengthen delicate facial muscles to com-
bat the signs of aging."'°~"? Regarding muscle action, there is
a substantial difference between voluntary and induced mus-
cle contractions. The general mechanism of voluntary muscle
contraction starts with a signal from the brain—an action po-
tential. It is essentially an electrical impulse that travels
through the motor neuron to the synapses (neuromuscular
junction), releasing the neurotransmitter and influencing the
membrane’s electrical potential, causing depolarization and
activation of muscle contraction, followed by the relaxation
phase.™™™ The novel HIFES technology, however, induces
so-called supramaximal contractions independent of brain
activity. Moreover, due to the tailored stimulation frequency,
the muscle contractions are considerably intensified be-
cause the relaxation phase does not follow every single stim-
ulus. The synchronized RF aids the effect of the HIFES field
by heating the muscle tissue within a safe range of tempera-
tures (below 42°C), activating protein synthesis and increas-
ing the expression of heat-shock proteins, which help with
muscle regeneration and growth.”'® Additionally, RF heating
leads to neocollagenesis and neoelastinogenesis, creating
firm, tightened, lifted, and smooth skin.”

The HIFES technology synchronized with radiofrequency
has the potential to treat the vast majority of facial imperfec-
tions because it is able to target both muscle and connective
tissues. However, the aim of this animal histology study is to
investigate its effects and safe use on muscle remodeling, fo-
cusing on the structural organization of this tissue.

METHODS

This prospective, single-center animal study was approved
by the Institutional Animal Care and Use Committee and
the Ethics Committee for Animal Protection of the Ministry

of Agriculture of the Czech Republic. The study was initiat-
ed in June 2021 and was completed in September 2021. It
was performed in association with and supervised by a vet-
erinary institute certified for good laboratory practice. All
animals were stabled at the veterinary institute, so the vet-
erinarian and veterinary staff handled the animal care to en-
sure animal welfare during the study. After performing all
the planned procedures and collection of all samples, the
animals were euthanized by an analgesic overdose (T61
a.u.v. inj, Intervet International B.V./MSD AH, Boxmeer,
the Netherlands) administered by a veterinarian.

Animal Model and Treatment Settings

Eight large white pigs (n=8 females, 60-80 kg of live
weight) were utilized for this trial. Six sows (n=6, active
group) underwent four 20-minute treatments on the fore-
head once a week with simultaneous application of
HIFES and RF. Two sows (n =2, control group) were not
treated. The control group was established to reduce the
number of punch biopsies taken from the treated animals
and to allow them to heal properly. In addition, all treated
animals had blood tests and were examined to ensure their
health and to rule out any possibility of unexpected interfer-
ence with results. The treatments were delivered by nonin-
vasive self-adhesive, hands-free EMFACE applicators (BTL
Industries, Boston, MA) emitting both RF and HIFES ener-
gies and covering approximately 53 cm? (Figure 1). Both
energies were set at 100% intensity. In addition, optical fi-
ber sensors were inserted into the treated muscles under
the applicator (LumaSense Flurotropic Thermometer;
Lumasense Technologies, Santa Clara, CA) to monitor the
temperature during the treatment. An infrared camera mea-
sured the skin temperature immediately after the treat-
ments (Fluke Ti300; Fluke Corporation, Everett, WA).
During the treatment and collection of punch biopsies,
the animals were kept under general anesthesia for easier
manipulation and comfort. At first, the premedication for an-
esthesia consisting of Tiletamine + Zolazepam (Zoletil 100
Virbac; Carros, France) + Ketamine (Narketan, Vetoquinol;
Lure Cedex, France)+ Xylazine (Sedazine, Fort Dodge;
Overland Park, KS), each medicine dosed at 2 mg/kg,
was administered intramuscularly. Then, an intravascular
cannula was placed into the ear’s vein to infuse propofol
2% MCT/LCT (Fresenius; Bad Homburg, Germany), dosed
at 1-2 mg/kg to maintain anesthesia. The animal’s heart ac-
tivity was monitored by electrocardiogram. A certificated
veterinarian oversaw the animals during the entire treat-
ment sessions and follow-ups, including assessment of ad-
verse events and side effects related to the study device.
Three samples of muscle tissue per animal were collect-
ed by a punch biopsy (6 mm in diameter) taken from the
treatment area on the forehead (active group) and a corre-
sponding place on the forehead of those in the control
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Figure 1. Visualization of the self-adhesive, hands-free
EMFACE applicator intended to treat the forehead area in
human patients.

group. All samples were collected in the anesthetized ani-
mals before the first treatment, and at 1-month and 2-month
follow-ups, to minimize the suffering of the sows. After the
sampling procedure, the wound was disinfected, closed
with 2 clamps, and covered with an adhesive bandage to
protect the wound from infection.

Evaluation of Muscle Changes

Each muscle sample was stored in a container with 10%
neutral buffered formalin (in a sample-to-fixative ratio of ap-
proximately 1:30) to preserve the tissue condition at the
time of collection. The samples were then embedded in
paraffin wax, sliced on the microtome, and stained with he-
matoxylin and eosin (H&E) and with Masson’s trichrome for
visualization in longitudinal and transverse cross-sections.

The hematoxylin has to be oxidized into hematein to gain
staining abilities, and because it is positively charged it
dyes the nucleus in a dark-blue color.®'® The eosin is neg-
atively charged and stains the proteins and cytoplasm
pink.?® The staining process starts with immersing the
slides in H,O to clean the formalin and rehydrate the sam-
ples. Then, the slides are dyed with hematoxylin, rinsed,
and stained with eosin. Next, the dyed sample is dehydrat-
ed with alcohol because some substances can be better
dissolved. Then the alcohol is rinsed again, and the sample
is mixed with a mounting medium and covered with a cov-
erslip.2° The muscle cells consist of myofilaments and inter-
mediate filaments in the cytoplasm, which after H&E
staining appear deep pink, with multiple nuclei dyed in
dark blue color, allowing analysis of the morphology of
each structure.'®?'

Masson’s trichrome staining consists of 3 dyes, a Weigert
hematoxylin that stains the nucleus (dark brown), an acid
stain (Ponceau—Fuschin) which stains muscle fibers (red),
and a phosphotungstic acid (orange G), a decolorizing
agent, which diffuses out of the collagen fiber while leaving
the muscle cells stained red.??2* Additionally, Goldner’s
stain lll (light green SF yellowish) dye was utilized to stain
collagen fibers green and erythrocytes orange.?>2® The
staining process starts with refixing the samples in Bouin
solution, which improves the quality of the stain. The slide
is rinsed with tap water and stained with Weigert hematox-
ylin and again rinsed with tap and distilled water. Then it is
dyed with an acid stain, rinsed with distilled water, im-
mersed in phosphotungstic acid, and stained with
Goldner’s stain lll. At this point, the sample is rinsed in dis-
tilled water and differentiated with 1% acetic acid, washed
again in distilled water, dehydrated with alcohol, and
cleaned with xylene. The last step is to mount the sample
with a mounting medium and cover it with the coverslip.?2

All stained slices were then visualized under a light mi-
croscope and photographed with Hitachi Axio Scan.Z1
(Carl Zeiss AG; Oberkochen, Germany) with a 20x/0.8NA
Plan-Apochromat objective. The primary outcome mea-
sures included calculating muscle mass, the number of my-
onuclei located on the periphery of the sectioned muscle
fibers, the number of muscle fibers, and the diameter of in-
dividual muscle fibers. The evaluation was performed with
semiautomatic processing and analytic software ImageJ
(National Institutes of Health; Bethesda, MD) in the prede-
fined regions of interest (ROI) of 122,500 pm?=.

The descriptive statistic was calculated (mean, standard
deviation) when analyzing the obtained quantitative data.
To determine the statistical significance of the changes
the Friedman test, followed by the Nemenyi test, for pair-
wise comparisons was performed. In addition, a Wilcoxon
rank sum test was done to compare independent data.
For all statistical analyses, the significance level of a=.05
was set.

RESULTS

All animals recovered from the anesthesia without any
complications. No treatment-related side effects were ob-
served in any of the animals or on the histological evalua-
tion. In total, 24 muscle samples were collected during
the study period, with each sample sliced, stained (3 slices
per each staining, 144 slices in total), and evaluated to de-
termine the primary outcomes. In general, there was no dif-
ference between the groups (P value > .05) in any of the
measured outcomes at baseline. However, as the study
progressed, the active group showed significant changes
at the follow-ups and when compared with the control
group. The temperature measurements revealed elevated
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Figure 2. The temperature development in the muscle tissue
during the therapy. The temperature rises to 39.5°C within 2
minutes and stays essentially unchanged for the rest of the
therapy time.

muscle temperature from the onset of therapy, exceeding
the 39°C within 2 minutes and stabilizing at the level of ap-
proximately 39.5°C in the third minute of therapy (Figure 2).
The skin temperature measurements showed safe values
at the level of 42°C (Figure 3).

The Evaluation of Muscle Mass

In the active group, the average muscle area in the ROl was
60810.1 um? at baseline. At a 1-month follow-up visit, the av-
erage muscle area had significantly increased to
69223.2 um2 (P value =.003). Finally, the increase peaked
at a 2-month follow-up visit with the average muscle area
being 72474.4 um2 (P value < .001). Compared to baseline,
the average muscle density was increased by 13.8% at 1
month and 19.2% at the 2-month follow-up visit in the active
group. The observed changes in the examined histology
slices are visualized in Figures 4, 5. In the control group,
the baseline muscle area was 61711.4 um? and did not
show any substantial changes during the 1-month
(61455.6 um?, P value >.05) or 2-month (62076.1 pm?,
P value > .05) follow-up.

The Number of Myonuclei

The average number of nuclei in the active group in-
creased from 146.6 + 24.9 (baseline) to 161.7 + 26.7 (10.3%
increase) at the 1-month follow-up visit, and up to 177.7 +
30.7 (21.2% increase) at 2-month follow-up. The changes
were significant at both follow-up visits (P value <.05). In
the control group, however, the change in the nuclei count
was insignificant (P value = .75 at 1month; P value = .57 at 2
months), because it rose slightly from 136.7 + 21.7 (base-
line) to 140.3 + 20.4 at 1 month and stayed at 140.3 +18.8
at 2 months.

Figure 3. The skin temperature measurements were taken
immediately after the treatment. The maximum surface
temperature in the treatment area was just above 42°C, not
exceeding 42.5°C. A thermal image taken by an infrared
camera Fluke Ti300 (Fluke Corporation; Everett, WA).

The Number and Size of Muscle Fibers

In the active group, the average number of fibers in the ROI
was 56.8 + 7.1 at baseline, gradually increasing to 62.5 +
9.2 fibers (10.1% increase, P value =.03) at 1-month follow-
up. Analogous to the muscle density and myonuclei, the fi-
ber count peaked at a 2-month follow-up visit with 68.0 +
8.6 fibers (19.8% increase, P value <.001) per ROL In the
control group, the number of fibers was 56.3 + 6.5 at base-
line, with little to no increase throughout the study (57.3 +
9.6 at 1 month, P value = .48; 58.2 + 6.7 at 2 months, P val-
ue =.32). The changes in the number of muscle fibers com-
pared with the control group were significant at the
2-month follow-up (P value =.004).

The increase in the diameter of the muscle fibers was vis-
ible in the active group throughout the study period. At base-
line, the average muscle fiber size was 32.6 + 2.5 um, with a
size of 33.6 + 2.3 um at -month follow-up and 37.8 +£ 5.3 um
at 2 months (P value < .05). In the control group, no signifi-
cant changes were observed (P value > .05), because the
average muscle fiber size was 32.5 + 0.31 um throughout
the study. The change in the relative frequency distribution
of measured fibers can be seen on the histogram in Figure 6.
Results indicate that the number of small-sized fibers consid-
erably decreased over the course of the study. At the same
time, there were increased numbers of thicker muscle fibers
in follow-up samples from the active group. The histogram
shows that the most common fiber size per ROl was be-
tween 30-40 pum in diameter at baseline. At the follow-ups,
the number of fibers with a diameter greater than 40 um
was most abundant in the ROI.

DISCUSSION

In this study we evaluated the effects of novel HIFES tech-
nology combined with synchronized RF on deconditioned
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Figure 4. A cross-sectional view of the muscle tissue in the active group stained by hematoxylin and eosin, taken at (A) baseline
and (B) 2-month follow-up. The pink represents the muscle tissue with dark purple nuclei at the periphery. The muscle tissue is
noticeably denser after treatments in the assessed regions of interest.

muscle tissue. Based on the data obtained, we observed a
consistent and significant increase in all studied parameters
related to the quality and function of the muscle tissue.
During the study, no treatment-related issues or side effects
were observed in any of the animals or histological samples.
The measured temperatures in the muscle tissue as well as
on the surface showed that the heat was within the safe but
effective limits. The results indicated that the simultaneous
application of HIFES + RF safely and effectively targets the
muscle tissue while promoting muscle remodeling and
structural improvement.

Facial muscles are subject to the ravages of time togeth-
er with the rest of the body tissues. Age-related muscle de-
conditioning and weakening are associated with loss of
muscle quality and quantity manifested as a decrease in
muscle mass and the number of fibers, and altered myofi-
brillar protein expression.2® Therefore, this animal histolo-
gy study aimed to observe these indices as the main
markers for successful treatment of the deconditioned
muscle tissue.

Throughout the study, the active group showed signifi-
cant improvement in all measurements. The overall mus-
cle mass increased by 19.2% at a 2-month follow-up,
which may be attributed to the densification of muscle fi-
bers while they increased in diameter at the same time
(Figure 4). There is evidence that an increase in muscle
mass is correlated with higher muscle strength and func-
tion.?” Such changes can have beneficial implications
when it comes to the treatment of human patients and res-
toration of facial appearance, which relies on the function-
al muscle tissue that interconnects with the skin. Also, the
increased muscle mass indicates the substitution of
adipose and connective tissue with muscle tissue

(Figure 5), accompanied by muscle fiber growth both in
size (+15.9%) and quantity (+19.8%). In human patients,
studies have shown that the increase in muscle thickness
in the crosswise direction induced by facial exercise has a
positive effect on facial rejuvenation because it contrib-
utes to firmer and more elastic facial skin with a decrease
in mimetic muscles linked to sagging of the face.?®2°
Therefore HIFES facial therapy might provide a first at-
tempt standardized facial protocol to mitigate the loss of
bulk and lift in facial aging, as a postoperative treatment
or a stand-alone regimen.

The last marker of the changes occurring in the muscle
tissue during the study period was the number of myonu-
clei, which correlates with the size of muscle fibers.3° The
significant increase in the number of myonuclei (+21.2%)
may be attributed to satellite cells, which are activated dur-
ing exercise.>"*? Because supramaximal muscle stimula-
tion is an effective alternative to exercise, these satellite
cells fuse with the muscle fibers and donate their nucleus
to the fiber to increase the regenerative and remodeling re-
sponses of the muscle fibers.32734

The mild difference in the number of muscle fibers ob-
served at 1-month follow-up when compared to control is
most likely due the short observation period. As Kadi
et al showed in their review, the effects of satellite cell ac-
tivation take approximately 50-90 days to propagate fully,
which corresponds to our 2-month follow-up observation,
when the increase of muscle fibers was found to be highly
significant when compared to the control group (P value
=.004).%® Nonetheless, all markers increased gradually in
the active group and no significant changes were observed
in the control group, and we can attribute the results seen
in the active group to the HIFES + RF sessions.
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Figure 5. A longitudinal view of the muscle tissue stained by Masson’s trichrome, taken at (A) baseline and (B) 2-month follow-up.
The red color represents the muscle tissue, whereas the green color documents the presence of the intersected collagen fibers
with lipid droplets without color. At baseline, the muscle fibers were relatively sparsely distributed, which changed at the 2-month
follow-up. There was a noticeable increase in muscle fiber density together with a decrease in the fat tissue infiltration.

One of the limitations of this study was the use of a por-
cine animal model instead of human patients. Nonetheless,
given the invasive nature of the study procedures, this an-
imal model was found most suitable for the purpose of this
study. Pigs have been successfully employed in biomedical
research because of their remarkable similarity to humans
in anatomy, physiology, immune system, and genome.
These similarities provide sufficient insight to consider
the biological processes transferable to humans.>®
Another limitation was the treatment area. Although the
novel HIFES technology was designed to target all facial
muscles, the trial was conducted on the pigs’ foreheads
only. The sow’s cheek area was found to be problematic
in terms of applicator placement and biopsy acquisition.
However, the forehead area was eligible for treatments,
because sow’s forehead muscles are not intensively used
by the animals, and therefore may correspond with decon-
ditioned human muscles in the face. Also, all procedures
were undertaken in a way to minimize animals’ suffering.
Taking samples from muscles of mastication in pigs may
lead to pain during feeding and loss of appetite, resulting
in weight loss and compromising the long-term results of
the experiment. Nonetheless, we believe that the obtained
results can be applied generally to the facial muscle groups
because they all are subject to the same processes of de-
terioration.®” Regarding the length of the follow-up, the an-
imals were not kept with the general population, to lower
the chances of infection or injury and overall bias from
keeping them in uncontrolled conditions. Due to a long
isolation with only study animals stress was considered a
potential risk factor, and so there are no data available later
than 2-month follow-up. This study was designed to

investigate the immediate to short-term response of the tis-
sue, and the 2-month period was deemed sufficient. The
study’s focus was to provide a basic understanding of the
induced changes, which might provide insight into the ef-
fects of the simultaneous use of the investigated technolo-
gies with implications for use in human patients. In total,
there were 144 evaluated tissue slices in this study, ensur-
ing a reliable data count for conducted statistics. Also, 4 dif-
ferent aspects characterizing changes at the muscle tissue
composition level were assessed, providing a comprehen-
sive description of the effects of the investigated technolo-
gy. In sum, this study offers a new method of noninvasive
facial rejuvenation with the potential to contribute to the
understanding of facial muscle aging in further detail.
Future studies will benefit from using human patients to
verify the findings described, and utilizing more objective
methods (such as ultrasound) for a comprehensive analysis
of the events occurring in the facial muscle tissue related to
facial rejuvenation. Future human studies of a noninvasive
nature should also consider including muscle testing of fa-
cial muscles to measure the improvement of facial expres-
sions after the treatments, while establishing a longer
follow-up period to document the long-term effects of the
procedure.

CONCLUSIONS

This animal histology study aimed to evaluate the effective-
ness and safety of the simultaneous application of novel
HIFES technology and synchronized radiofrequency. The re-
sults documented by the histological analysis indicate
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Figure 6. The histogram represents the relative frequency
distribution of the muscle fiber sizes in the active group
samples. The interval width was chosen to be 10 um. The
muscle fibers of greater diameters were more frequently
present at 2-month follow-up.

treatment effectiveness for improving overall muscle quality;
the active group significantly improved in all studied param-
eters. The safe use of this technology was also documented.
No adverse effects occurred, and there were no unusual
findings when assessing histology samples.
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