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Abstract

Background/Aims: This study investigated whether pulsed mag-
netic stimulation contracts superficial and/or deep muscles compared 
with those induced by electrical stimulations, i.e., low- and kilohertz-
frequency currents. 

Methods: Eight healthy subjects were recruited and measured the 
quadriceps femoris muscle thickness using ultrasound imaging, and Vi-
sual Analog Scale (VAS) for stimulation-induced pain during the same 
stimulation intensity. 

Results: Pulsed magnetic stimulation increased the thickness of rec-
tus femoris muscle similar to other electrical stimulations, but not the 
vastus intermedius muscle. Meanwhile, the pain score of VAS caused 
by pulsed magnetic stimulation was lower than that by those electrical 
stimulations. 

Conclusions: These results suggest that pulsed magnetic stimula-
tion is effective for the contraction of superficial layer muscles without 
stimulation-induced pain but not for contraction of deep layer muscles.

Keywords: pulsed magnetic stimulation; electrical stimulation; 
stimulation-induced pain; muscle contraction.

Introduction

Electrical stimulation is classified into electrical stimulation 
using a low-frequency current and electrical stimulation using a 
burst-modulated kilohertz-frequency current, according to fre-
quency characteristics [1-3]. Electrical stimulation using a low-
frequency current is used in clinical sites and has characteristics 
that are effective for the contraction of superficial layer muscle 
but it has no effect on deep layer muscle [4,5]. On the other 
hand, electrical stimulation using a burst-modulated kilohertz-
frequency current which is delivered at a frequency of 2,500 
Hz and burst modulated at a low levels frequency (such as 50, 
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or 100 Hz) is expected to reach and contract deep layer muscle 
[3,5]. However, both electrical stimulations may have disadvan-
tageous characteristics resulting in withdrawal from treatment 
because of strength-dependent stimulation-induced pain as a 
result of the unavoidable stimulation of skin nociceptors [6,7]. 

Pulsed magnetic stimulation, which is effective as a muscle 
contraction method, can avoid stimulation-induced pain [8-10]. 
Magnetic stimulation uses a magnetic field, which results in the 
generation of eddy currents to contract muscle fibers via depo-
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larization of the neural membrane [11]. A magnetic field can 
penetrate high resistance tissues, resulting in minimal activa-
tion of the skin nociceptors [11,12]. Several studies have indi-
cated the magnetic stimulation generates joint torque via stim-
ulation of the lower limb muscles such as hip flexion, and knee 
extension [9,10,13]. However, it is not yet clear what depth the 
magnetic stimulation reaches and causes muscle contraction. 
Therefore, the purpose of this study is to investigate whether 
pulsed magnetic stimulation contracts superficial and/or deep 
muscles compared with those induced by electrical stimulation 
using a low-frequency current and electrical stimulation using 
a burst-modulated kilohertz-frequency current. If this study is 
validated, new non-invasive therapeutic interventions for skel-
etal muscle contraction can be established.

Methods

A pilot randomized and three-way crossover study was con-
ducted in one laboratory. At first, the peak torque during maxi-
mum voluntary isometric contraction was measured using an 
isokinetic dynamometer (Cybex NORM; Computer Sports Medi-
cine Inc., New York, USA). After the peak torque was measured, 
we set the current intensity to induce a 20% maximum volun-
tary isometric contraction using each stimulator. The next day, 
the muscle thickness of Rectus Femoris Muscle (RF) and Vastus 
Intermedius Muscle (VI), and the levels of stimulation-induced 
pain during pulsed magnetic stimulation, and electrical stimula-
tions at 20% of the torque level of Maximum Voluntary Isomet-
ric Contraction (MVIC) were measured. All experiments were 
conducted in an environmentally controlled room at 25±2°C.

Ethical approval

The subjects were informed of all the procedures, purposes, 
benefits, and risks of the study and signed an informed consent 
form, which was approved by the Medical Ethical Committee of 
Kobe International University in accordance with the declara-
tion of Helsinki (G2018-087).

Recruitment

This study recruited eight healthy subjects (29.3 ± 5.5 years 
old, 174.4 ± 6.8 cm, 63.6± 10.3 kg). The subjects with a history of 
injury to the lower limbs or could not tolerate electrical stimula-
tion equivalent to 20% MVIC were excluded. The subjects were 
asked to avoid stimulants (e.g. alcohol, caffeine, chocolate) on 
the test day, and did not perform any intense exercise for 2 days 
prior to the tests. 

Intervention

Pulsed magnetic stimulation, electrical stimulation using 
a low-frequency current, and electrical stimulation using a 
kilohertz-frequency alternating current were performed on a 
pulsed magnetic stimulator (Pathleader; IFG Co., Ltd., Miyagi, 
Japan), low- frequency current electric stimulator (ES-520; Ito 
Co., Ltd., Tokyo, Japan), and burst-modulated kilohertz-frequen-
cy current electric stimulator (ES-520; Ito Co., Ltd.,), respec-
tively. These stimulator currents used a frequency of 50 Hz. A 
pulsed magnetic stimulation probe was placed 50 mm upper 
from the motor point along to RF, because the circular coil us-
ing this magnetic stimulation causes the peak of electric fields a 

little distant point from the center of the coil [14]. The electrical 
stimulation electrodes (50 × 90 mm) were placed on the front 
of the thigh: one electrode was placed 50 mm upper from the 
motor point along to RF, and the other was placed 50 mm lower 
from the motor point along to RF, resulting in placing so as to 
sandwich the motor point.

The thickness of RF and VI was measured attained during 
rest and each stimulation. These thicknesses were measured 
using an ultrasound image device with 9 MHz linear transducers 
(EUB-415, HITACHI Medical Co, Tokyo, Japan). The ultrasound 
image device probe was placed on the center of between the 
electrodes, meaning the motor point. Briefly, subjects were 
placed on the isokinetic dynamometer with a knee joint angle 
of 90° and were measured the thickness at rest (Figure 1A). 
Next, the RF and VI thickness were recorded using video mode 
during each stimulation with the current value equivalent to 
20% maximum voluntary isometric contraction for 2 seconds. 
The RF and VI thickness adopted the points with the largest val-
ues during the measurement time (Figure 1B,1C,1D). Subjects 
took 5 minutes of rest to avoid fatigue among each stimulation. 
The presented data of the measured value during each stimula-
tion minus the rest value is given in Figure 2, 3.  

Evaluation of stimulation-induced pain perception was done 
using the Visual Analog Scale (VAS). Subjects were asked to 
evaluate stimulation-induced pain perception intensity imme-
diately after each stimulation and indicate levels on a paper-
based VAS. The intensity of pain was rated on a numerical scale 
from 0 mm to 100 mm (0 mm=no pain, 100 mm=worst pain 
imaginable). 

Data analysis

Data were presented as median (min-max). Friedman’s test 
was used for comparisons by condition, and Tukey’s post-hoc 
test was used for multiple comparisons. p-values less than 0.05 
were considered statistically significant. 

Results

The thickness of the rectus femoris muscle (RF) and vastus 
intermedius muscle (VI) muscle during each stimulation

There were no significant differences in the thickness of 
the RF muscle between the electrical stimulation using a low-
frequency current, a burst-modulated kilohertz-frequency cur-
rent, and pulsed magnetic stimulation (Figure 2). Meanwhile, 
the thickness of the VI muscle in the electrical stimulation using 
a burst-modulated kilohertz-frequency current was significant-
ly thicker than that using a low-frequency current, and in the 
pulsed magnetic stimulation (Figure 3). 

Visual analog scale (VAS) during each stimulation

There were no significant differences in the VAS pain score 
between the electrical stimulation using a low-frequency cur-
rent and using a burst-modulated kilohertz-frequency current. 
However, the pain score of VAS in the pulsed magnetic stimula-
tion was significantly lower compared to both electrical stimula-
tions (Figure 4).
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Figure 1: The images of rectus femoris muscle and vastus interme-
dius muscle using ultrasound image device.
(A): Rest. (B): Electrical stimulation using a low-frequency current. 
(C): Electrical stimulation using a burst-modulated kilohertz-fre-
quency current. (D): Pulsed magnetic stimulation. RF: rectus femo-
ris muscle. VI: vastus intermedius muscle.

Figure 2: The thickness of the rectus femoris muscle during each 
stimulation.
Data in which the measured value minus the rest value is present-
ed. LC: Electrical stimulation using a low-frequency current. AC: 
Electrical stimulation using a burst-modulated kilohertz-frequency 
current. MS: Pulsed magnetic stimulation. Data were presented as 
median (min-max). 

Figure 3: The thickness of the vastus intermedius muscle during 
each stimulation.
Data in which the measured value minus the rest value is present-
ed. LC: Electrical stimulation using a low-frequency current. AC: 
Electrical stimulation using a burst-modulated kilohertz-frequency 
current. MS: Pulsed magnetic stimulation. Data were presented as 
median (min-max). *indicates a significant difference compared to 
LC at P < 0.05. † indicates a significant difference compared to AC 
at P < 0.05.

Figure 4: Visual Analog Scale during each stimulation.
LC: Electrical stimulation using a low-frequency current. AC: Elec-
trical stimulation using a burst-modulated kilohertz-frequency cur-
rent. MS: Pulsed magnetic stimulation. Data were presented as 
median (min- max). *indicates a significant difference compared 
to LC at P < 0.05. † indicates a significant difference compared to 

AC at P < 0.05.

Discussion

The novel findings of this study were that pulsed magnetic 
stimulation during generating joint torque was effective for the 
contraction of superficial layer muscle without stimulation-in-
duced pain perception but failed to contract deep layer muscle. 

Pulsed magnetic stimulation, as with electrical stimulations, 
could increase the thickness of rectus femoris muscle in the 
present study. Delaney et al. showed that change in quadriceps 
muscle thickness during voluntary muscle contraction can be 
assessed using an ultrasound imaging device with 6 MHz linear 
transducers in healthy subjects. Therefore, the change in mus-
cle thickness on the ultrasound imaging device also represents 
muscle contraction in the present study.

Pulsed magnetic stimulation and electrical stimulation using 
a low-frequency current failed to increase the thickness of vas-
tus intermedius muscle. In contrast, electrical stimulation using 

a burst-modulated kilohertz-frequency current could increase 
the thickness of vastus intermedius muscle. The previous study 
has shown that a magnetic field can penetrate high resistance 
tissues and reach the deep layer central nerve [11,12,15]. How-
ever, Baker et al., [16] indicate that the electric field induced 
by the magnetic field attenuates rapidly with distance from the 
surface probe. For that reason, the current evoked by pulsed 
magnetic stimulation most likely was insufficient to depolar-
ize motor neurons in the deep muscle tissue. In addition, it is 
known that the depth reached when using electrical stimulation 
depends on the frequency [5]. Ward [3] indicated that electrical 
stimulation using a burst-modulated kilohertz-frequency cur-
rent has less electrical energy lost in the skin due to a decrease 
in skin impedance. Hence, electrical stimulation using a burst-
modulated kilohertz-frequency current with high frequency 
reached the deep tissues and depolarized motor neurons of 
deep muscles resulting in contraction of the vastus intermedius 
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muscle. Meanwhile, magnetic stimulation as well as electrical 
stimulation using a low-frequency current has a large energy 
loss and it did not reach the deep tissues in the skeletal muscle.

The pain score of VAS was increased during muscle contrac-
tions with pulsed magnetic stimulation and electrical stimula-
tions. Whereas, the pain score of VAS was lower in the muscle 
contractions with pulsed magnetic stimulation than the muscle 
contractions with electrical stimulations. Han et al. showed that 
the pain score of VAS using 25Hz magnetic stimulation is lower 
than that using electrical stimulation with the same frequency 
and intensity in quadriceps femoris of healthy subjects [9]. In 
addition, Szecsi et al. also indicated that magnetic stimulation 
caused less pain than electrical stimulation under the same 
joint torque generation when applying 30 Hz electrical stimula-
tion and magnetic stimulation to the quadriceps femoris of pa-
resis patients [17]. Therefore, even magnetic stimulation with 
the frequency of 50 Hz induced less pain during muscle con-
traction using in this study. The cause of electrical stimulation-
induced pain is skin nociceptors, but the magnetic fields used in 
magnetic stimulation can easily penetrate through the skin [11]. 
In addition, pulsed magnetic stimulation causes an ion flow in 
the muscle directly, resulting in a contraction of the muscle 
[16]. On the other hand, electrical stimulation carries electrons 
and transfer the ions nearby the nociceptors, resulting in a con-
traction of the muscle [16]. Hence, pulsed magnetic stimulation 
likely has a lower the VAS pain score than both electrical stimu-
lations. The data also suggest that magnetic stimulation may be 
an effective superficial muscle contraction method for subjects 
whose pain is induced by electrical stimulation.

A limitation of this study is that we did not investigate the 
flowing current levels of each tissue during stimulation. Future 
studies should be performed to investigate the flowing current 
effects of each stimulation. In this study, we measured the pain 
intensity during stimulation at only a subjective pain intensity 
and do not know what the effects would be at an objective pain 
intensity using biomarker measurements. Future studies should 
address these points on a larger number of subjects. 

Conclusions

In conclusion, pulsed magnetic stimulation was effective for 
the contraction of superficial layer muscle without stimulation-
induced pain perception but failed to contract deep layer mus-
cle. The data also suggest that pulsed magnetic stimulation may 
be an effective rehabilitation regimen as a therapeutic tool for 
superficial muscles in subjects who cannot continue treatment 
due to stimulus-induced pain.
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