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Abstract

Background: Quadriceps muscle strengthening is one of the rehabilitation strategies for improving walking in some people with
gait impairments, and neuromuscular electrical stimulation (NMES) has been used for that reason. The strengthening effect of
neuromuscular magnetic stimulation (NMMS) on the quadriceps has been demonstrated in various conditions, but not specifically
for gait training. The purpose of this study was to determine whether the effect of NMMS is clinically applicable.
Objective: To determine the effect of NMMS on quadriceps muscle strength, cross-sectional area (CSA) and thickness in healthy
subjects.
Design: Single-blind, prospective, case-control study.
Setting: Tertiary academic hospital setting.
Participants: A total of 40 healthy volunteers were randomly assigned to an NMMS (n ¼ 20) or control group (n ¼ 20).
Interventions: Fifteen minutes of quadriceps NMMS of at maximum tolerable intensity, 3 times per week for 5 weeks.
Main Outcome Measurements: At baseline and after the intervention, the CSA and thicknesses of the rectus femoris and vastus
intermedius were measured by ultrasound. Isometric and isokinetic maximal and average peak torques of the dominant side knee
extensors were also measured at pre- and postintervention.
Results: There were no between-group differences in strength, CSA, or muscle thickness at baseline. Isometric maximum and
average peak torque of NMMS group were increased significantly after 5 weeks of intervention (P < .001). The isokinetic maximum
and average peak torque of NMMS group were increased significantly at both angle velocities of 60�/sec and 120�/sec after
5 weeks of intervention (P < .001). However, neither group showed a significant difference in cross-sectional area or thickness
after training.
Conclusion: NMMS can be a useful strengthening method for large skeletal muscles such as the quadriceps.
Level of Evidence: II

Introduction

Electrical stimulation has been widely used for skel-
etal muscle strengthening. Neuromuscular electrical
stimulation (NMES) promotes reorganization of the
central nervous system [1], induces biochemical, phys-
iological, and histological changes in muscle fibers [2,3],
prevents disuse-induced muscle atrophy [4], and facili-
tates the recovery of muscular strength and function in
patients with central nervous system lesions [5,6].
However, when NMES is used to treat muscular hypo-
trophy incurred by movement limitations, high-intensity
stimulation is needed to generate sufficient muscle
contractions. High-intensity NMES can cause pain or

discomfort by stimulating nociceptors and mechanore-
ceptors in the skin, and some patients cannot tolerate
the intensity of the electrical stimulation required to
enhance muscle strength [7].

Neuromuscular magnetic stimulation (NMMS) is a
novel noninvasive method of strengthening muscle.
Because NMMS can penetrate skin, fat, and bone to
create a narrow electrical field, it can stimulate tissues
deep within the neuromuscular system while causing
less pain than NMES [8,9]. Han et al reported that
magnetic stimulation of the quadriceps produced less
pain than transcutaneous NMES that generated the same
level of isometric peak torque in healthy subjects. It has
been shown that magnetic stimulations can penetrate
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deep tissue and can recruit proprioceptive afferents
with minimal activation of cutaneous nociceptors [10].
However, NMMS is less useful for focal stimulation of
small muscles because the stimulator is almost too large
to provide focused, selective stimulation. Thus, NMMS is
considered as tool for the stimulation of large and deep
muscles [11].

The quadriceps are the main extensors of the knee
joint and play a fundamental role in stability during
standing and walking [12]. Szecsi et al reported that
magnetic stimulation of the quadriceps during ergo-
metric cycling generated more torque output than NMES
in both healthy and hemiplegic subjects [13,14]. Bus-
tamante et al also reported that voluntary quadriceps
strength and exercise endurance were enhanced
significantly by repeated magnetic stimulation of the
quadriceps in patients with chronic obstructive pulmo-
nary disease [15].

Numerous studies in both healthy and unhealthy
muscle have demonstrated that the strength gains
achieved with an NMES program may be ascribed to
enhanced muscle activation and neural adaptation and
also to an increase in anatomical cross-sectional area
[6,16-18]. It has been suggested that NMMS may provide
its strengthening effects through modulation of the
central nervous system control of the affected muscles
[19,20]. It may massively activate proprioceptive
afferents in the contralateral somatosensory area, thus
increasing M1 excitability via thalamocortical and
cortico-cortical fibers [21-23]. However, it is also likely
that NMMS, like NMES, causes physiological changes and
hypertrophy of the muscle itself. To the best of our
knowledge, the changes in the size and strength of
healthy quadriceps after NMMS have not been studied.

The purpose of this this study was to evaluate
changes in quadriceps strength induced by NMMS and to
assess whether strength gain correlated with the
changes in cross-sectional area and muscle thickness.
We hypothesized that NMMS would enhance muscular
strength via neural adaptation and directly induced
muscle hypertrophy.

Methods

Participants and Study Design

A total of 40 healthy, right leg�dominant adults
participated in this study. Volunteers with a history of
neuromuscular disease or with previous NMES or NMMS
experience were excluded from participation. The par-
ticipants were randomly assigned to either an NMMS or a
control group. This study was conducted in accordance
with the Declaration of Helsinki, and informed consent
was obtained from all participants.

Participants in the NMMS group were treated with
15 minutes of NMMS applied to their quadriceps 3 times
per week for 5 consecutive weeks, for a total of 15

sessions. Participants in the control group performed
their normal activities of daily living and did not
participate in any sports or perform any muscle training
exercises during the 5-week study period.

Isometric and isokinetic muscular strength were
measured in both the NMMS and control groups before
and after the 5-week experimental period. CSA and
thicknesses were also assessed in both groups using
ultrasound at the same pre- and postintervention time
points.

Neuromuscular Magnetic Stimulation

Neuromuscular magnetic stimulation was performed
using a repetitive magnetic stimulator, Medtronic Mag-
pro R30 (Magventure, Lucernemarken, Denmark) with a
coil 12 cm in diameter (MCF-125). The stimulation fre-
quency was set at 10 Hz, and the duration of stimulation
was 5 seconds. A 25-second resting phase was given
between stimulations and a total of 1500 pulses were
applied during each session. The center of the circular
stimulating coil was placed over the motor point located
at approximately 60% of the distance from the superior
medial border of the patella to the anterior superior
iliac spine.

The maximum magnetic field output intensity was 3.1
Tesla per second, and the stimulation strength of was set
to the maximum tolerable level for each participant;
visible muscular contractions were generated in all par-
ticipants. The mean stimulation intensity was 44.9% �

7.9%. The knee extension motion induced by magnetic
stimulation varied depending on the differences in
maximally tolerated intensity among subjects, and the
approximate knee joint motion ranged from 20� to 40�.

During NMMS, the participants sat on a special seat
that enabled them to maintain 80� hip flexion and 90�

knee flexion. This position was chosen based on a pre-
vious study that demonstrated that NMES of the quad-
riceps resulted in greater strength gains when
performed with the knees flexed instead of extended
[24] (Figure 1).

Quadriceps Strength Measurements

Isokinetic and isometric quadriceps muscle strength
was measured using a Biodex system 4 (Biodex Medical
Systems, Shirley, NY). All subjects sat on a positioning
chair with the seatback at a 70-85� tilt to maintain 80�

of hip flexion. Their bodies were firmly secured using
shoulder, waist, and thigh straps for stabilization. The
rotation axis of the dynamometer shaft was aligned with
the lateral femoral epicondyle on a sagittal plane, and
the distal attachment pad was adjusted to sit just
proximal to the medial malleoli and then strapped into
position. The range of motion was limited to prevent
excessive bending and stretching of the knee joint.
Prior to strength testing, the participants performed a
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10-minute warm-up on a bicycle ergometer. Before
testing, the participants were familiarized with the
equipment, the testing procedure was explained, and 3
practice sessions were allowed. During testing, the
participants were given consistent verbal encourage-
ment by the examiner, and received biofeedback from
observed joint angles and peak torque graphs.

Isometric quadriceps strength was measured first
with the knee at 80� of flexion. Maximal peak torque and
average peak torque were measured while the partici-
pants held a maximal voluntary contraction for 5 sec-
onds with 30 seconds of rest among each of 3 trials.

During isokinetic strength testing, participants
extended their knee from 90� flexion to full extension
and then returned it to the flexed position. Maximal
peak torque and average peak torque over 3 trials were
recorded at 60�/s and 120�/s of angle velocity, with 30
seconds of rest between trials and 2 minutes of rest
between different angle velocities.

Cross-Sectional Area and Thickness
Measurements

Ultrasound measurements of CSA and muscle thick-
ness was used to evaluate hypertrophic changes in the
stimulated muscles. This method has been previously
shown to be reliable [25,26].

The CSA of the rectus femoris and the thickness of
the rectus femoris and vastus intermedius were
measured by a blinded examiner using B ultrasound
Mylab70XVG (Esaote S.p.A, Genova, Italy) with a linear
transducer. The frequency modulation range of the in-
strument was set between 4 and 13 MHz. Participants

lay in a supine position during the measuring with their
hips in a neutral position and their knees flexed to 90�

(Figure 2).
The measurement site was marked at the point 60% of

the distance from the superior medial border of the
patella to the anterior superior iliac spine. The ultra-
sound probe was placed transversely over the marked
site with plenty of ultrasound gel and minimal pressure
on the contact surface to avoid distortion of the image
[27]. The CSA of the rectus femoris was calculated by an
internal program using the marked margin of the rectus
femoris. The thicknesses of the rectus femoris and
vastus intermedius were measured from the most
superficial point of the fascia over the rectus femoris to
the fascia between the rectus femoris and vastus
intermedius, and from there to the most superficial
point of the anterior femur, respectively (Figure 3).

Statistical Analysis

Data were analyzed with the Statistical Package for
the Social Sciences (SPSS) software version 21.0. All
data are presented as mean � standard deviation (SD).

Independent t tests were used to compare initial
muscle strength and ultrasound measurements between
the 2 groups, and paired t tests were used to assess the
same parameters after the 5-week experimental period.
Differences were considered statistically significant if
P < .05.

Results

Participant Characteristics

The mean ages of the participants in the NMMS and
control groups were 29.4 � 1.9 and 28.8 � 1.8 years,
respectively. Mean heights and weights were not
significantly different between the groups (Table 1).

Figure 1. Magnetic coil placed over the clothes overlying the quadri-
ceps muscle.

Figure 2. Positioning of the participant and ultrasound probe for
muscle cross-sectional area and thickness measurements.
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Quadriceps Strength

Isometric maximal and average torques of quadriceps
were not different between the NMMS and control
groups at baseline (Table 2). Both the maximum peak
torque (144.79 � 39.03 Newton meter [N$m], NMMS
versus 122.51 � 33.04 N$m, control) and average peak
torque (138.34 � 39.31 N$m, NMMS versus 114.01 �

38.07 N$m, control) increased significantly after training
(P < .05).

There were no significant between-group differences
in the baseline initial isokinetic maximum and average
peak torques of the quadriceps at both angle velocities
of 60�/s and 120�/s. After the 5-week intervention, the
isokinetic maximum (137.27 � 43.85 N$m, NMMS versus
117.87 � 32.83 N$m, control) and average peak torque
(128.88 � 40.28 N$m, NMMS versus 101.40 � 30.98 N$m,
control) increased significantly in the NMMS group at an
angle velocity of 60�/s (P < .05) (Table 3). Also, the

isokinetic maximum peak torque (118 � 41.7 N$m, NMMS
versus 97.84 � 28.93 N$m, control) and average peak
torque (107.44 � 39.23 N$m, NMMS versus 87.26 � 27.01
N$m, control) at an angle velocity of 120�/s significantly
increased in the NMMS group (P < .05) (Table 3).

Quadriceps Cross-Sectional Area and
Thicknesses

The CSA of the rectus femoris and the thickness of
the rectus femoris and vastus intermedius did not
significantly differ between the NMMS and control
groups at baseline. After the 5-week experimental
period, these parameters had not significantly changed
in either group, and still did not significantly differ
between groups (Table 4).

Figure 3. Examples of cross-sectional area (A) and thickness (B) measurements. (A) Long arrow indicates direction of scan. A continuous
boundary trace (dotted line) was used to calculate the cross-sectional area of the rectus femoris. (B) Thickness of rectus femoris (D1) and vastus
intermedius (D2). RF ¼ rectus femoris; VI ¼ vastus intermedius; VL ¼ vastus lateralis; VM ¼ vastus medialis.

Table 1

Participant characteristics

Characteristic NMMS Group Control Group P Value

Patients (male:female) 20 (12:8) 20 (12:8) >.99
Age, y 29.4 � 1.9 28.8 � 1.8 .36
Height, cm 169.6 � 6.4 171.9 � 7.6 .32
Weight, kg 64.6 � 14.5 63.1 � 11.4 .71

Values are mean � standard deviation. P values were calculated by
independent t tests.
NMMS ¼ neuromuscular magnetic stimulation.

Table 2

Isometric maximum and average peak knee extension torques (N$m) in
NMMS and control groups

At Baseline After 5 Weeks P Value

Maximal peak
torque

NMMS 118.79 � 39.51 144.79 � 39.03 <.001*
Control 122.65 � 33.43 122.50 � 34.04 .75

Average peak
torque

NMMS 112.33 � 38.11 138.34 � 39.31 <.001*
Control 114.14 � 40.13 114.01 � 38.07 .91

There were no significant between-group differences at baseline (in-
dependent t test). P values shown indicate within-group differences
between pre- and postintervention values (paired t test).
NMMS ¼ neuromuscular magnetic stimulation.
* P <.001.
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Discussion

Our results revealeda significant increase inquadriceps
strength after 5 weeks of NMMS. However, despite this
improvement in strength, therewere no visible changes in
CSA or muscle thickness visible on ultrasound images.

We found that both the isometric and isokinetic
maximum peak torques and average peak torques
generated by the quadriceps increased significantly after
5 weeks of NMMS stimulation. This finding is similar to the
findings of previous investigations, which reported that
the quadriceps femoris muscle could generate more tor-
que output at rest and during ergometric cycling in both
healthy and neurologically disabled subjects after NMMS
[10,13,14]. Bustamante et al also investigated the
effectiveness of an 8-week NMMS protocol on the quad-
riceps in patients with severe chronic obstructive pul-
monary disease, and demonstrated that all patients who
underwent intense stimulation displayed a significant
improvement in their voluntary quadriceps strength,
muscular endurance, and exercise capacity [15].

Maffiulettiet et al found that 4 weeks of electrical
stimulation resulted in histologic changes in healthy
quadriceps [6]. Based on that research, we expected
that 5 weeks of NMMS would result in change to

quadriceps visible on ultrasound, but this was not the
case. Our NMMS stimulation program may have resulted
in histologic changes; however, these were not evident
on ultrasound images. Different stimulation parameters
such as stimulation interval, session duration, stimula-
tion intensity, or stimulation period might result in
measurable muscular hypertrophy even though there
might be subtle histologic changes.

It has beencommonlybelieved thatmaximumvoluntary
force and muscle CSA are strongly correlated. Seymour
et al showed that ultrasonography was an effort-
independent method of measuring quadriceps CSA that
correlated with strength in patients with chronic obstruc-
tive pulmonary disease [27]. However, not all muscular
force changes are derived from changes in CSA. Improve-
ments in muscular strength result from a combination of
neural adaptation, specific histological changes of mus-
cles, and muscle hypertrophy [28]. Gondin et al reported
that neural adaptations occurred mainly during the first 4
weeks of NMES, whereas changes in muscle mass took
place between the fourth and eighth weeks of the training
program [16]. In the current study, muscle strength
improvement seen in the NMMS groupmay be due, at least
in part, to early neural adaptations or neural modulation.
The 5-week NMMS period that we used in this study may
have been too short to cause muscle hypertrophy.

It has been suggested that the effects of NMMS are due
to the massive proprioceptive inflow that modulates
central nervous systemactivity. The few studies that have
investigated the CNS effects of peripheral magnetic
stimulation have shown that NMMS causes extensive
activation proprioceptive afferents in specific spinal cir-
cuits in the contralateral somatosensory area, thus
increasing M1 excitability via thalamo-cortical and
cortico-cortical fibers [20,21,29]. This proprioceptive
input is generated by 2 mechanisms: activation of mech-
anoreceptors in the contracted muscles during magnetic
stimulation and direct activation of the sensorimotor
afferents. This leads to enhanced spinal or cortical
excitability, which may influence muscle strength after
NMMS in healthy subjects. Some authors have reported
that repetitive peripheral magnetic stimulation while
performing an index finger extension task influenced the
regional cerebral blood flow in patients with brain lesions
and that the increasedmovement amplitude and velocity
during the task were associated with increased cerebral
blood flow in the affected hemisphere [30].

There is also evidence that NMMS effectively reduces
spastic tone in central paresis [20,31,32] and has posi-
tive short- and medium-term therapeutic effects on
myofascial pain [33]. Struppler et al demonstrated that
repetitive peripheral magnetic stimulation of skeletal
muscles increased the resistance and the electromyo-
graphic responses of the elbow flexors and extensors to
slow passive stretching [19].

The optimal NMMS protocol for muscle strengthening
has not yet been established. Kremenic et al reported

Table 3

Isokinetic maximum and average peak knee extension torques at 60�/s
and 120�/s (Newton meter [N$m]) in NMMS and control groups

At Baseline After 5 Weeks P Value

Maximal peak
torque (60�/s)

NMMS 114.34 � 39.90 137.27 � 43.85 <.001*
Control 117.67 � 31.28 117.87 � 32.83 .88

Average peak
torque (60�/s)

NMMS 99.44 � 35.53 122.88 � 40.28 <.001*
Control 101.20 � 28.10 101.40 � 30.98 .97

Maximal peak
torque (120�/s)

NMMS 95.63 � 34.37 118.01 � 41.70 <.001*
Control 95.47 � 27.51 97.84 � 28.93 .09

Average peak
torque (120�/s)

NMMS 84.27 � 30.72 107.44 � 39.23 <.001*
Control 85.33 � 25.84 87.26 � 27.01 .14

There were no significant between-group differences at baseline (in-
dependent t test).
P values shown indicate within-group differences between pre- and

postintervention values (paired t test).
NMMS ¼ neuromuscular magnetic stimulation.
* P <.001.

Table 4

Cross-sectional area and thickness measurements in NMMS and control
groups

At Baseline After 5 Weeks P Value

RF CSA (cm2) NMMS 6.06 � 1.87 6.15 � 2.12 .32
Control 6.05 � 1.97 6.08 � 1.97 .11

RF DI (cm) NMMS 2.29 � 0.37 2.39 � 0.38 .46
Control 2.27 � 0.44 2.27 � 0.38 .97

VI DI (cm) NMMS 2.00 � 0.44 2.01 � 0.45 .47
Control 1.98 � 0.41 1.98 � 0.44 .45

Baseline between-group differences were analyzed by independent
t test; there were no significant differences.
P values shown indicate significance of intragroup differences

between pre-and postintervention values (paired t test).
NMMS ¼ neuromuscular magnetic stimulation; CSA ¼ cross-sectional

area; RF ¼ rectus femoris; DI ¼ diameter; VI ¼ vastus intermedius.
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that magnetic stimulation of 80% intensity at 30 Hz was
capable of generating 72% of the quadriceps maximal
voluntary contraction torque without causing pain in
healthy subjects [34]. Higher frequency and longer
duration of stimulation are more likely to effectively
enhance muscle power. However, excessively high fre-
quency stimulation may result in overheating of the
magnetic stimulation equipment and thus derail the
entire training program. Previous studies have used
frequencies varying from 5 to 40 Hz for torque genera-
tion and muscle strengthening [10,15,20,31]. Based on
the results of previous work, we chose a stimulation
intensity that was sufficient to cause muscle contraction
at a frequency of 10 Hz. Furthermore, to minimize
muscle fatigue and pain, we used an intermittent
stimulation method that combined 25-second resting
phases with 5-second stimulation phases. In this study,
the intensity of stimulation was set to the maximum
tolerable level to induce visible contractions, and other
variables such as the frequency, wave forms, and
duration of stimulation were kept constant. This pro-
tocol was thought to be suitable for a long-term mag-
netic stimulation treatment program.

The orientation, size, and shape of the magnetic coil
affected the amplitude and depth of the induced cur-
rent. Madariaga et al compared the effect of circular
and figure 8eshaped coils to stimulate the femoral
nerve, and reported that single supramaximal stimula-
tion of the quadriceps could not be guaranteed using a
circular coil. However, a circular coil generated suffi-
cient contraction for repetitive stimulation [35].
Figure 8eshaped coils strongly focus the induced eddy
currents and are therefore less suitable than circular
coils for repetitive stimulation of deep muscle. Deep
musculature can be easily stimulated when a large coil
size is used. Large coils can tangentially stimulate a
large surface area, which results in increased muscle
torque generation with less pain. Because of this, we
used a large circular coil in this study.

Neuromuscular magnetic stimulation can be used as
an alternative to NMES. The magnetic field penetrates
the skin without active cutaneous receptors. It de-
polarizes predominantly thick myelinated nerve fibers
but does not activate unmyelinated nerve fibers. During
magnetic stimulation, the magnetically induced elec-
trical field declines much less rapidly with distance than
does the electrical field induced by surface electrodes,
which allow stimulation of muscle tissue at a greater
depth. In addition, the electromagnetic field can pass
through clothing, so that no skin preparation is needed.
However, clinical application of peripheral magnetic
stimulation has been limited because magnetic stimu-
lation equipment is bulkier and more costly than elec-
trical stimulation equipment.

This study has several limitations. First, the inter-
vention period was relative short. The stimulation
duration and the entire period might have been

insufficient to induce muscle hypertrophy. Second, the
optimal NMMS protocol for improving muscle strength is
not known; variations in stimulation intensity, duration,
or frequency might have resulted in greater muscle
changes. Third, we did not conduct another measure-
ment session after the cessation of training to evaluate
detraining effect. From the study on NMES by Godin
et al, the strength losses were observed after 4 weeks of
detraining associated with both neural and muscular
alterations [36]. Finally, we evaluated CSA changes only
in the rectus femoris and thickness changes in the rectus
femoris and vastus intermedius.

Further studies are needed to reveal the specific
mechanismunderlying themuscle strengtheningeffect of
NMMS. Analysis of muscle fiber recruitment pattern using
electromyography or the interpolated twitch technique,
as well as structural, histological, and biochemical eval-
uations after various stimulation periods, are needed. In
addition, follow-up testing should be done to determine
how long the training effect lasts. Finally, the applica-
bility of NMMS treatment for gait training of patients with
CNS lesions should be investigated.

Conclusions

In this study, we applied magnetic stimulation to the
dominant quadriceps of healthy individuals over a
5-week period and evaluated isokinetic and isometric
muscle strength and muscle hypertrophy pre- and
postintervention. The muscle strength of the quadriceps
was significantly increased by 5 weeks of neuromuscular
magnetic stimulation, but no changes in CSA or thick-
ness were evident on ultrasound images. Our results
suggest that NMMS is a useful tool for strengthening
skeletal muscles. Furthermore, NMMS has the possibility
to replace NMES in patients who have difficulty coping
with the painful sensations caused by NMES.
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