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Abstract: Background/Objectives: PEMF therapy has gained significant attention due to its 
potential benefits in promoting tissue repair and improving overall well-being. Recent publications 
in the field of exercise physiology, showed that pulsed electromagnetic fields (PEMFs) enhanced the 
velocity and the quantity of muscle O2 available and the rate of muscle oxygen extraction and 
utilization, in semi-professional cyclists, during a heavy constant-load exercise. In this paper, we 
investigate the effect of stimulation on muscular activation, in sedentary young people, during a 
constant-load exercise, performed at moderate intensity. Methods: Nine male sedentary young 
people, participated in this study. The response of the muscle activity, was recorded by surface EMG 
and assessed measuring the root mean square (RMS) normalized to the peak of the maximum 
voluntary contraction. Data were collected in the right vastus Medialis (RVM) and right Biceps 
Femoris (RBF) at the baseline (standstill sitting), on warm-up (unloaded cycling) and during 30 
minutes of constant-load exercise, in two experimental conditions (PEMF ON vs PEMF OFF). 
Results: The multivariate analysis of variance performed on RVM showed a significant effect of 
PEMF in both warmup and exercise, while on RBF showed a significant effect of PEMF and warmup. 
Conclusions: PEMF strongly enhanced the amplitude of muscle activity in young sedentary people. 
The increase in the amplitude of the muscular response may lead to a higher oxygen consumption 
and release. 
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1. Introduction 

Pulsed electromagnetic fields (PEMF) refer to a form of therapy that utilizes electromagnetic 
fields to promote various physiological effects within the human body. These fields consist of time-
varying electromagnetic waves with specific frequencies, amplitudes, and pulse durations. PEMF 
therapy has gained significant attention in recent years due to its potential benefits in managing pain, 
promoting tissue repair, and improving overall well-being [1]. 

PEMF therapy operates on the principle that electromagnetic fields can interact with biological 
systems at a cellular level. The pulsating electromagnetic waves can penetrate tissues and reach deep 
within the body, interacting with cells, tissues, and organs. This interaction can influence cellular 
behavior, modulate biochemical processes, and trigger a range of beneficial effects [2]. 

Research on PEMF therapy has explored its potential in diverse medical fields, including 
orthopedics, neurology, and wound healing. Some studies have suggested that PEMF therapy may 
help in reducing pain and inflammation, accelerating bone healing, enhancing nerve regeneration, 
and improving circulation [3–5]. Additionally, a promising effect has been shown in managing 
conditions such as osteoarthritis, fibromyalgia, and depression [6]. 

While the exact mechanisms through which PEMF therapy exerts its effects are still unclear, 
several hypotheses have been proposed. It is believed that PEMF therapy can stimulate the 
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production of various molecules and signaling pathways involved in tissue repair, such as growth 
factors, nitric oxide, and cytokines [7–9]. Additionally, PEMF may modulate cellular membrane 
potentials, ion transport, and calcium signaling, all of which play crucial roles in cellular function [1]. 

Despite a lot of research and several uses for medical purposes, until now very few studies 
investigated the influence of PEMF stimulation during sport or physical activity. Kim et al [10] 
investigated the influence of 12 weeks of PEMF therapy on plasma Nitric Oxide (NO) in 23 subjects 
with mild to moderate metabolic syndrome. The authors showed that 16-min of stimulation, three 
times/day, were able to increase circulating plasma NO levels at rest and at the end of submaximal 
exercise performed at moderate intensity. The observed improvement in blood flow following PEMF 
treatment was likely mediated through calcium Ca2+/calmodulin (CaM)-dependent NO cascades. 
The potential mechanism is that PEMF enhances the binding of Ca2+ and calmodulin and then 
Ca2+CaM binds to e-NOS to release NO [11]. Therefore, PEMF may increase NO synthesis activity 
[12] and consequently enhance NO-cyclic guanosine monophosphate (cGMP) cascades resulting in 
vasodilation [13]. 

Tamulevicius et al. [14] investigated the effect of acute PEMF treatment on aerobic performance 
in 14 male cross-country runners of the 2nd division of the National Collegiate Athletic Association 
(NCAA). The authors applied 8-minutes of low frequency PEMF stimulation before and after each of 
the 6-training session for a total of 12 times. Results showed that acute PEMF therapy did not induce 
significant changes in almost all aerobic performance parameters, as absolute or relative VO2peak, 
ventilation or maximum respiration rate. However, stimulation induced significant variation in time 
for relative ventilatory threshold (VT), suggesting possible application of PEMF during short-term 
training, in order to elevate VT. 

Trofè et al. [15] investigated the effect of PEMF stimulation in semi-professional cyclists. The 
authors found that stimulation applied during a heavy constant-load exercise was able to enhanced 
the rate of muscle oxygen extraction and utilization. Stimulation increased the velocity and the 
quantity of muscle O2 available, accelerating the HHb kinetics, without affecting the pulmonary VO2 
on-transition kinetics. 

It has been hypothesized that PEMF affected energetic metabolism, especially glycolytic 
metabolism of type-II muscular fibers [16]. Indeed, PEMF stimulation increased the blood lactate 
level during exercise [15], suggesting a possible influence of stimulation on muscle activity and on 
the glycolytic metabolism of type-II muscular fibers. This effect could be caused by the change of 
membrane permeability [17] and Ca2+ channel conduction [18], enhancing ion flux and cellular 
concentrations [19,20] that improve contraction mechanisms during exercise. A recent study showed 
that PEMF could affect glucose utilization. Indeed, in rats with streptozotocin-induced diabetic 
muscle atrophy, PEMF treatment affected metabolic enzymes in the quadriceps, with increased 
succinate dehydrogenase (SDH) and malate dehydrogenase activity (MDH), suggesting an increase 
in the metabolic capacity of muscle [21]. In insulinoma cells, PEMF exposure attenuated insulin 
secretion, suggesting effects on calcium channels and ions flux [16]. Regarding exercise, a crucial role 
is played by the mechanism of muscular contraction, which are affected by Ca2+ channels and ions 
flux. PEMF stimulation affects calcium channels raising Ca2+ intracellular concentration [19,20], 
amplifying signal Ca2+ mediators and Ca-dependent pathways [22]. Changes in membrane 
permeability [17] and ion channel conduction [18] might be possible mechanisms on how pulsed 
electromagnetic field affects biological systems. Further, it has been hypothesized an influence on 
phospholipids of plasma membrane that improves production of second messengers, with starting 
cascade of multiple intracellular signal transduction [23–25]. Considering all these premises, the 
investigation of PEMF effects during exercise, and more precisely, assessing its influence on muscles 
activity becomes newsworthy. We hypothesize that PEMF stimulation could improve muscle 
response following its implication on the mechanisms involved in muscular contraction. Therefore, 
the aim of the present study was to investigate the effect of PEMF in young sedentary people during 
a constant-load exercise performed at moderate intensity. 
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2. Materials and Methods 

The study design was a single-blind, randomized controlled trial. Nine male sedentary young 
people participated at this study (Table 1). Based on the effect size evident in Trofè et al. [15,26] 
G∗power software, version 3.1.9.2 (Kiel, Germany), predicted that a total sample size of 8 would give 
sufficient power (0.80) to detect a significant difference at alpha level of 0.05. One additional 
participant was included to ensure the availability of data in case of missing or corrupted data. All 
participants were volunteers, healthy, non-smokers and none of them were taking medications or 
supplements. None of the participants reported physical deficit or muscular injury at the time of the 
study. They received a verbal explanation of experimental procedures, and informed consent was 
obtained before the beginning of recordings. 

Table 1. Participant characteristics. 

Subjects Age (years) VO2 max 
(ml/min/kg) 

Workload 
(watt) 

Weight 
(kg) 

Height 
(cm) BMI 

L.B 32 33,9 108 76,0 175 24,8 
E.M 30 31,9 113 72,0 180 22,2 
A.T 34 33,2 100 77,0 177 24,6 
S.B 34 33,3 108 87,0 178 27,5 
M.S 23 34,4 88 62,0 170 21,5 
A.A 20 33,9 85 67,5 173 22,6 
S.P 25 39,5 105 64,0 164 23,8 
E.B 35 30,5 83 79,0 173 26,4 
S.I 32 35,3 106 74,0 168 26,2 

Mean 29,4 34,0 99,6 73,2 173,1 24,4 
SD 5,4 2,5 11,3 7,8 5,1 2,1 

SEM 1,8 0,8 3,8 2,6 1,7 0,7 

2.1. Procedure 

The experiments were performed on the cycle-ergometer (H-300-R Lode, Exere Air Machine, 
Italy), under a standardized procedure, in a quiet room with a stable and comfortable temperature 
(22°C), at the same time of the day (9:00-12:00 AM) to avoid circadian influence. Participants were 
asked to avoid drinking caffeinated beverages before the experimental procedures and were 
instructed to avoid strenuous activity and alcohol in the 12h preceding the test. We recorded EMG 
activity from the Vastus Medialis and Biceps Femoris caput longum of the right leg. EMG data were 
recorder at a sampling rate of 250 Hz by a Free-EMG 1000 (BTS Bioengineering, Inc.). In order to 
stimulate the entire thigh, two circular 20 cm PEMF loop-antenna devices (Torino II, Rio Grande 
Neurosciences, USA) were positioned at the beginning and at the end of the right thigh, as showed 
in Figure 1. 
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Figure 1. Experimental setup. The two circular 20 cm PEMF loop-antenna devices were positioned at 
the beginning and at the end of the right thigh. The figure also shows the cover of the NIRS device 
used in the experiments. Such NIRS data are not shown in this paper. 

Participants came to our laboratory five times, with an interval of three days between each visit. 
In each of these visits we performed several recordings. In the first day, we recorded maximum 
voluntary contraction (MVC) and an incremental test until exhaustion to find their individual 
maximum oxygen consumption (VO2max) (see Table 1). In order to record MVC, each participant 
performed, for 5 seconds, an isometric contraction against a maximum load using isotonic machines 
(Exere Air Machine, Italy). They repeated the same procedure 3 times, separated by 2 minutes of rest, 
and we used the maximum MCV peak value of each investigated muscle to normalize 
electromyographic data, procedure already used in previous studies [27]. Participants performed an 
incremental test on a cycle-ergometer (H-300-R Lode), to determine the peak oxygen consumption 
(VO2peak) to identify their individual workload for the succeeding four recording sessions. 
Expirated gases were analyzed using a Quark b2 breath-by-breath metabolic system (Cosmed, Rome, 
Italy) [28]. 

From the day two to the day four, participants come to our laboratory for the exercise sessions. 
The experimental conditions were PEMF ON and PEMF OFF, in which the PEMF was turned on and 
off, respectively in the same exercise. When the trial started with the PEMF in ON modality, the 
device was turned off after 17 minutes and the participant keep going cycling until the end of the 
trial. Otherwise, when the trial started with the PEMF in OFF modality, the device was turned on 
after 17 minutes and the participant keep going cycling until the end of the trial (Figure 2). 
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Figure 2. Temporal sequence of the trial. (A) ON-OFF trial: PEMF were activated at the beginning of 
the baseline (base) until the 17th minute (15th min of physical effort); at this time, PEMF were 
deactivated until the end. (B) OFF-ON trial: PEMF were inactivated from the beginning of the baseline 
(base) until the 17th minute (15th min of physical effort); at this time, PEMF were activated until the 
end. 

The two PEMF loops were positioned on the right leg (Figure 1) in both experimental conditions 
because the stimulation was not perceived by the participants at the cutaneous level (single blind 
trial). 

The recording session started with participants standing for 1-minute sitting on cycle-ergometer 
with extended right leg in order to recorded baseline values. Then, the warm-up involved an 
unloaded cycling for 1-minute, followed by an instantaneous increase of the individualized 
workload, which was attained in ~3s. Participants were instructed to keep cycling at a cadence of 70 
RPM for the entire duration of the trial. Each trial was ended after 30 minutes of exercise. EMG data 
were collected at the baseline (standstill sitting), during warm-up (unloaded cycling) and in constant-
load exercise, in both experimental conditions (PEMF ON and PEMF OFF) (Figure 2). 

2.2. EMG Recordings 

The response of muscular activity over the entire trial was recorded by surface EMG and 
assessed measuring the root mean square (RMS) normalized to the peak of the MVC. We averaged 
the values of baseline (standstill sitting), warm-up (unloaded cycling) and constant-load exercise for 
each condition (PEMF ON vs. PEMF OFF) in each muscle (RBF and RVM). 

The software EMG easy report 6.03.8 (Merlo Bioengineering, Italy) was used for EMG data 
process and artefact removal [29–31]. We used a wavelet-based denoising filter, in order to reduce 
background noise and automatically remove large and frequent artifacts on EMG traces [32]. Starting 
from the raw signal, a peak emphasis operator, called Smoothed Non-Linear Energy Operator 
(SNEO) was applied [32–34]. SNEO is similar to the Taeger-Kaiser, other operator frequently used 
with EMG signals [34]. Peaks positions and amplitudes were founded using thresholds of the 
minimum amplitude and distance between PEMF peaks. The position of unrecognized stimulus was 
found with linear interpolation of the values obtained in the previous point. Found positions of the 
artifacts, the parts of the signal 20ms before and 80ms after peaks, were forced to zero. After that, the 
algorithm calculated the amplitude of the RMS limited at the signal of the muscle activity for each 
detected onset intervals. The activation intervals were calculated through specific algorithm [32] 
using a mean background noise level, as 10uV RMS. Then, the values recorded were normalized to 
the peak of the MVC. The normalized RMS values were calculated in 100 ms bin from EMG signals 
using MATLAB (The MathWorks). 

2.3. Statistical Analysis 

A multivariate ANOVA, with conditions (PEMF ON and PEMF OFF) as the between-subjects 
factor and epochs (warm up, exercise, ON-OFF and OFF-ON) as the within-subjects factors, was 
applied for both RVM and RBF muscles. Means were considered significantly different at p < 0.05. 

To determine the magnitude of the effect of PEMF stimulation we used paired sample t-test; 
effect sizes (ES) were calculated as the mean difference standardized by the between subject standard 
deviation and interpreted according to the thresholds [35]:<0.20; small, >0.20-0.60; moderate, >0.60-
1.20; large, >1.20-2.00; very large,>2.00-4.00; extremely large, >4.00. Data were analyzed with SPSS 
v22.0 (IBM, New York, NY, USA). 

3. Results 

3.1. Effect of PEMF Stimulation 

The multivariate analysis of variance performed on RVM showed a significant effect of PEMF 
(F1,4=10,838; p< 0.001; η2p=0.798). The within-subjects analysis showed the following significant effects: 
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warmup (F1,4=7.034 p=0.019 η2p=0.334), exercise ON-OFF (F1,4=7.509 p=0.016 η2p =0.349), exercise OFF-
ON (F1,4=14.999 p=0.002 η2p =0.517), exercise in the first 17 minutes, (F1,4=7.307 p=0.017 η2p =0.343), 
exercise in the last 17 minutes, (F1,4=15.770 p=0.001 η2p =0.530). 

The multivariate analysis performed on RBF showed a significant effect for conditions 
(F1,4=7,636; p=0.003; η2p =0.735). The within-subjects analysis showed a significant effect for warmup 
(F1,4=23.912 p<0.001 η2p =0.631). 

3.2. Effect of PEMF at Baseline and during Warmup 

Analysis for muscle activity at the baseline did not show any significant differences between 
conditions (PEMF OFF vs. ON) for each investigated muscle (RVM and RBF). For both muscle 
investigated, significant differences were found during warm-up, in which PEMF-ON exhibited 
higher RMS value with respect to PEMF-OFF condition (RVM ON=7.38±1.23 vs OFF=3.84±0.53; t(7) = 
-2.32; p=0.027; ES 0.55-moderate; RBF ON=9.77±0.98 vs OFF=4.12±0.60; t(7) = -4.22; p=0.002; ES 0.77-
large). 

 

Figure 3. Histograms represent the root mean square (RMS) of the normalized EMG values (mean ± 
SEM) of the RVM (A) and RBF (B) at the baseline and during warm-up, across experimental conditions 
(PEMF ON vs. OFF). Asterisks indicate significant differences at p<0.05. 

3.3. Effect of PEMF during Exercise 

Analysis during epochs (OFF-ON and ON-OFF) showed significant differences between PEMF 
OFF and PEMF ON in the RVM muscle where the amplitude of EMG was higher during the condition 
ON with respect to OFF when the PEMF was OFF followed by ON (t(7) =-16.10 p<0.001; ES=0.70-
large) than ON followed by OFF (t(7) =-18.11 p<0.001; ES=0.57-moderate). 

Analysis for RBF activity showed difference across condition (PEMF OFF vs. PEMF ON) in trial 
OFF-ON. Stimulation caused a change of the muscular activation, with greater amplitude on PEMF 
ON condition (t(7) =-7.10 p<0.001; ES=0.39-moderate). 

Analysis during physical effort, showed differences for RVM activity across time (trial ON-OFF 
vs. trial OFF-ON), in both first (t(7) =-8.61 p<0.001; ES=0.56-moderate) and second half of each trial 
(t(7) =-11.29 p<0.001; ES=0.70-large). Muscle activity was higher in ON condition with respect to OFF. 

Analysis for RBF activity showed differences across parameter time (trial ON-OFF vs. trial OFF-
ON), in the second half of the trial. Amplitude of muscle activity was higher in phase ON than OFF 
(t(7) =-2.88 p=0.012; ES=0.44-moderate), due to active PEMF stimulation.3.1. 
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Figure 4. Histograms represent the root mean square (RMS) of the normalized EMG values of the 
RVM (A) and RBF (B) during constant-load exercise, across conditions (PEMF ON vs. PEMF OFF) 
within trial (phase ON vs. phase OFF) and between trials (trial ON-OFF vs. trial OFF-ON). Data are 
show mean ±SEM. Asterisks indicate significant differences at p<0.05. 

4. Discussion 

PEMF strongly enhanced the amplitude of muscle activity in young sedentary people for each 
investigated muscle. Stimulation increased the magnitude activity of muscle fibers on warm-up, for 
both vastus medialis and bicep femoris, and during constant-load exercise in vastus medialis. A 
tendency for a higher muscular basal tone during PEMF stimulation, was also noted for RVM activity, 
when subjects standstill sitting on cycle-ergometer with extended right leg (baseline). The increase in 
the amplitude of the muscular response induced by stimulation was likely caused by the effect of 
PEMF on contraction mechanism of muscular fibers, through a change of membrane permeability 
and Ca2+ channel conduction, enhancing ion flux and cellular concentration [17,18]. The mechanism 
of muscular contraction, which are affected by Ca2+ channels and ions flux and PEMF stimulation, 
could affected calcium channels and raise Ca2+ intracellular concentration [19,20], leading to improve 
contraction mechanisms. Further, PEMF stimulation could amplify signal Ca2+ mediators and Ca2+-
dependent pathways, as showed in several studies [22], probably through changes in phospholipids 
of plasma membrane, that improve production of second messengers, with starting cascade of 
multiple intracellular signal transduction [23–25]. 

The analysis of muscle activity of RVM and RBF, showed a significantly higher activity for vastus 
medialis related to bicep femoris. This result is not surprising given that the effective role of vastus 
medialis during cycling is well-known, but the role of bicep femoris is still under study. The 
magnitude of the bicep femoris is more affected by fatigue, pedaling rate, coordination/activation 
timing (angle), training status, shoe-pedal interface and body position [36]. Bicep femoris is a bi-
articular muscle, involved in knee flexion and hip extension and seems to be more important for 
energy transfer, between joints during cycling rather than to supply main force [36]. One of the largest 
activity and earliest activation of bicep femoris seem to be related to increased fatigue in both vastus 
lateralis and medialis as a consequence of modified coordination and activation patterns [36]. In the 
present study, the workload was moderate causing a large response of the main muscles of cycling, 
such as vastus medialis and a low activation of the bicep femoris [36]. 

Results of the present study showed that PEMF stimulation augmented the muscle activity 
during a low intensity exercise in sedentary people. In our previous study we found no statistical 
differences in muscle activity during a high intensity exercise in athletes [26]. We hypothesized that 
the greater muscle activation evoked in the high intensity of effort of professional athletes, covered 
the effect of PEMF stimulation given that our cyclists performed strenuous exercise, which required 
a very high muscle activity. On the other hand, at low and medium intensity of exercise, PEMF 
stimulation increased muscle activity in both sedentary (during warm up and physical effort) and 
athletes (during warm-up). 
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5. Conclusions 

PEMF stimulation increased amplitude of muscle fibers activity, according to exercise intensity 
and muscle fibers recruited. During light physical effort, as warm-up and during moderate constant-
load exercise, stimulation increased overall activity of muscle fibers. Results of the present research 
show a possible application of PEMF in physical activity, in order to enhance the amplitude of 
muscular activity, in response to physical effort. PEMF stimulation, could be employed to augment 
the amplitude of muscular activity during work-out sessions, to improve muscular response to 
moderate or light workload and increase the benefits of the training program. Also, the augmented 
basal tone observed in standstill sitting, in addition to the higher muscle activity observed during 
warm-up, suggest a possible application of PEMF on preparatory activity before training, in order to 
raise the magnitude of muscular activation. Further, PEMF stimulation could also be applied in 
support to older-age people or subjects with a breakable muscle-joint structure, in order to increase 
overall muscular response during light exercise. An increase in amplitude of muscular activity 
induced by stimulation, could improve rehabilitation after injuries or hospitalizations. PEMF could 
facilitate exercise in people with fragile muscles and joints (e.g., osteoporosis, metabolic syndrome, 
post-surgery course), in order to boost the results of training session and encourage the adherence to 
physical activity programs. 

To the best of our knowledge, this is the first research investigating PEMF stimulation during 
moderate exercise, in healthy and young sedentary people. Based on the present results, stimulation 
could be used during a moderate exercise, as well as during light physical effort, in order to increase 
overall muscular response. Also, PEMF could be used during warm-up, in order to raise the 
amplitude of muscular responses, during the preparatory activity before training. PEMF could be 
used during physical activity for multiple purposes. It could be important to investigate PEMF 
treatment in patients and older adults, whose daily mobility and life quality are limited by an 
impairment in muscle power or joint movement. These people could have greater benefits from 
therapeutic strategies that increase their muscle activation, a valuable aim for forthcoming 
investigations. Further studies are necessary to elucidate the stimulation parameters and exercise 
protocol necessary to make more effective and efficient PEMF stimulation on human subjects. 
We believe that these first observations could open new horizons in the field of physical activity. 

Nevertheless, the accurate interaction between PEMF and human cells and tissue is unclear and 
needs further studies. Other stimulation parameters like time and frequency are worthy to be 
investigated given that it has been hypothesized that the different responses on PEMF therapy, 
depends on the biological tissue or dosage of stimulation of a specific electromagnetic signal [37]. 
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