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1   |   INTRODUCTION

Magnetic stimulation is a noninvasive method to acti-
vate neural tissues through induction of eddy currents 
using a time-varying magnetic field. The magnetic coil 

can be placed on the cortex, spinal cord, and periph-
eral nerves to induce motor-evoked potentials of respi-
ratory or forelimb muscles (Bawa et al., 2004; Corfield 
et al., 1998; Demoule et al., 2003; Hamnegård et al., 1996; 
Locher et al., 2006; Mills et al., 1995; Ross et al., 2007; 
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Abstract
The present study was designed to examine the effect of trans-spinal magnetic 
stimulation on bilateral respiratory and forelimb muscles in healthy subjects. 
Two wings of a figure-of-eight magnetic coil were placed on the dorsal vertebrae, 
from the fifth cervical to the second thoracic dorsal vertebra with a center at the 
seventh cervical vertebra. The surface electromyograms of bilateral diaphragm 
and biceps were recorded in response to trans-spinal magnetic stimulation with 
20%–100% maximum output of the stimulatory device in male (n = 12) and female 
participants (n = 8). Trans-spinal magnetic stimulation can induce a co-activation 
of bilateral diaphragm and biceps when the stimulation intensity is above 60%. 
The onset latency was comparable between the left and right sides of the muscles, 
suggesting bilateral muscles could be simultaneously activated by trans-spinal 
magnetic stimulation. In addition, the intensity–response curve of the biceps was 
shifted upward compared with that of the diaphragm in males, indicating that 
the responsiveness of the biceps was greater than that of the diaphragm. This 
study demonstrated the feasibility of utilizing trans-spinal magnetic stimulation 
to co-activate the bilateral diaphragm and biceps. We proposed that this stimula-
tory configuration can be an efficient approach to activate both respiratory and 
forelimb muscles.
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Similowski et  al.,  1996). This approach can be used to 
examine the excitability of the respiratory and forelimb 
motor systems under physiological and pathological 
conditions (Demoule et  al.,  2003; Hughes et  al.,  1999; 
Laviolette et  al.,  2013; Straus et  al.,  2004). Moreover, 
magnetic stimulation with repetitive stimulatory pat-
tern can induce neuroplasticity and modulate moto-
neuronal excitability (Lefaucheur et  al.,  2020; Suppa 
et  al.,  2022). However, most studies used transcranial 
magnetic stimulation to investigate one of these motor 
systems and have not compared the responses of the re-
spiratory and forelimb motor systems together (Boyle 
et al., 2020; Guenette et al., 2010; Maskill et al., 1991). 
Several studies have demonstrated that there is a signif-
icant interaction between the respiratory and forelimb 
motor systems. For example, nonrespiratory maneuvers 
(e.g., biceps curls) can strengthen the inspiratory mus-
cles in healthy subjects by increasing the diaphragm 
thickness and transdiaphragmatic pressure (DePalo 
et al., 2004). Similarly, respiratory muscle training can 
also enhance both respiratory and nonrespiratory motor 
function (Markov et al., 2001; Randelman et al., 2021). 
These results suggest that coordination and interaction 
between respiratory and forelimb motor systems serve 
an important physiological purpose, thus raising the 
possibility and significance of activating both motor sys-
tems with magnetic stimulation.

Several magnetic stimulatory methods have been 
used to activate bilateral respiratory and/or limb mus-
cles; however, there are still some concerns of using 
these approaches. For example, transcranial magnetic 
stimulation typically actives contralateral muscles 
with a weaker excitation of ipsilateral muscles (Eldaief 
et  al.,  2013). Anterior presternal magnetic stimulation 
can activate bilateral diaphragm, but the magnetic coil 
has to be placed on the chest, which may recruit tho-
racic muscles and influence the heart conducting sys-
tem (Man et al., 2004). Bilateral anterolateral magnetic 
phrenic nerve stimulation can specifically and simul-
taneously activate bilateral diaphragm, but this ap-
proach requires two stimulators and two coils (Mador 
et al., 2002; Man et al., 2004). Accordingly, it is import-
ant to establish an efficient and convenient approach to 
induce co-activation of bilateral respiratory and fore-
limb muscles to comprehensively and simultaneously 
examine the excitability of these two muscles during 
trans-spinal magnetic stimulation.

The diaphragm is innervated by phrenic motoneu-
rons, which are located within the third to fifth cer-
vical spinal cord (Keswani & Hollinshead,  1955), and 
motoneurons within these cervical segments also in-
nervate the biceps (Waxenbaum et al., 2022). It seems 
reasonable that magnetic stimulation at the cervical 

spinal cord should be able to activate both diaphragm 
and biceps. However, there are several different neuro-
anatomical and neurophysiological properties of these 
two motor systems. For example, the diaphragm is 
mainly controlled by the bulbospinal tracts and phrenic 
nerves, while the biceps is primarily controlled by the 
corticospinal pathways and musculocutaneous nerves. 
In addition, activation of the diaphragm is usually au-
tomatic while contraction of biceps is generally volun-
tary. Thus, it is still unclear whether the diaphragm and 
biceps could be co-activated when the magnetic field 
covered the cervical spinal cord. Accordingly, the pres-
ent study aimed to evaluate whether trans-spinal mag-
netic stimulation using a figure-of-eight coil covering 
the dorsal cervical vertebrae can induce co-activation 
of bilateral diaphragm and biceps, and compare the re-
sponse curve of bilateral diaphragm and biceps motor-
evoked potential in healthy subjects. We hypothesized 
that both diaphragm and biceps could be co-activated 
by trans-spinal magnetic stimulation at high stimula-
tory intensity, but the differential excitability of these 
two muscles could be revealed during low to moderate 
stimulatory intensity.

2   |   METHODS

2.1  |  Participants

All experimental procedures were approved by the 
Institutional Review Board at Kaohsiung Medical 
University Hospital (KMUHIRB-F(I)-20210039). Twenty 
healthy adults (male, n = 12; female, n = 8) free of respir-
atory and/or neurological disorders were recruited, and 
all provided written informed consent before participat-
ing in the experiment (Table 1). The exclusion criteria 
included pregnancy, respiratory disorders (e.g., asthma 
and pneumonia), neurological diseases (e.g., epilepsy, 
stroke, ankylosing spondylitis, and herniated interver-
tebral disc), presence of a metal implant, and having un-
dergone spine/cranial surgery (Ren et al., 2022; Rossini 
et al., 2015).

T A B L E  1   Anthropometry of participants.

Males (n = 12) Females (n = 8)

Age (years) 21.9 ± 2.3 20.9 ± 1.0

Height (cm) 174.2 ± 6.2 162.3 ± 5.6*

Weight (kg) 66.1 ± 12.8 53.0 ± 6.3*

BMI (kg/m2) 21.7 ± 3.6 20.1 ± 1.6

Note: Data are mean ± standard deviation.
Abbreviation: BMI: body mass index.
*p < 0.05 significantly difference between males and females.
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2.2  |  Surface electromyogram recording

Electromyogram (EMG) recordings of bilateral diaphragm 
and biceps were made using a pair of surface electrodes 
(HR-OP37, MKR0716000, Hurev Co., Ltd.) for each mus-
cle. The participant was seated on a chair with their head 
leaned forward on the headrest. For diaphragm EMGs, the 
electrodes were placed on the bilateral chest wall between 
the sixth and eighth intercostal spaces at 2-cm intervals 
along the midclavicular line (Verin et al., 2002). Bilateral 
biceps EMGs were recorded by placing electrodes on the 
anterior two-thirds of the arm, between the acromion 
process and cubital fossa (Singla et  al.,  2018). A ground 
surface electrode was placed on the back of the left hand. 
All electrodes were fixed using tape (#18225, 3 M Nexcare) 
and connected with a cable (LEADP1026S3, Spes Medica 
Srl) to a differential A/C amplifier (gain: 1000×, band-pass 
filtered: 10–1000 Hz, D360 8-Channel Patient Amplifier, 
Digitimer). Participants were asked to take deep inspi-
rations three times after at least 1 min of resting breath-
ing to confirm the inspiratory activity of the diaphragm. 
Forelimb isometric contractions were performed in all 
subjects to confirm the activity of the biceps.

2.3  |  Trans-spinal magnetic stimulation

Trans-spinal magnetic stimulation was conducted using 
a figure-of-eight coil (MCF-B65, inner diameter: 35 mm; 
outer diameter: 75 mm; max initial dB/dt: 32 kT/s, peak 
magnetic flux density: 1.4 T, MagVenture, Inc.) connected 
to a magnetic stimulator (MagPro R30, MagVenture, Inc.). 
The coil was placed on the dorsal vertebrae of the partici-
pants using a stand (9016B017, MagVenture, Inc.), and 
the handle of the coil was held to the right (Figure  1a) 

or left (Figure 1b) at random. The center of the coil was 
positioned at the seventh cervical vertebral column; this 
configuration can enable two coil wings to cover the mid-
cervical to the high thoracic portion of the spine. Ten 
single pulses of magnetic stimulation from 20% to 100% 
(10% increments with 2-min intervals) of the maximum 
stimulator output were applied during end-expiration, as 
determined through visual observation by the operator.

2.4  |  Data analysis and statistics

EMG signals from the diaphragm and biceps were digi-
tized using a CED Power 1401 (Cambridge Electronic 
Design Ltd.) at a sampling rate of 100 kHz (for motor-
evoked potential) using the Spike 2 and Signal software 
(Cambridge Electronic Design Ltd). The raw EMG signals 
of all recorded muscles were rectified and smoothed (time 
constant: 25 ms). The activity of each muscle was defined 
as the difference between the maximum value measured 
during muscle contraction (i.e., deep inspiration or fore-
limb contraction) and the minimum value measured 
during muscle relaxation (i.e., expiration and forelimb 
relaxation). The amplitude of the motor-evoked potential 
induced by trans-spinal magnetic stimulation was cal-
culated for all muscles as the peak-to-peak value of raw 
EMG signals and was averaged for each stimulation inten-
sity. Peak-to-peak amplitude is defined as the difference 
between the maximal (i.e., positive peak) and minimal 
(i.e., negative peak) value of the waveform. These data 
were presented in terms of absolute voltage and were nor-
malized by a percentage of the maximum response. The 
onset latency is calculated as significant fluctuation of the 
waveform compared with the baseline (i.e., before stimu-
lation) during 100% intensity. To prevent interference of 

F I G U R E  1   Schematic representation of the spine and coil positioning. The center of the coil was placed on the seventh cervical 
vertebrae (C7). The two wings of the figure-of-eight magnetic coil (MCF-B65, inner diameter: 35 mm; outer diameter: 75 mm) covered the 
mid-cervical to high-thoracic portion of the spine with its handle toward the right (a) or the left (b) side of the subject. The scale bar is in the 
right side.
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the stimulus artifact, the onset latency was analyzed after 
2 ms of stimulation. The recruitment threshold means 
that the motor-evoked potential is significantly greater 
than the background signal values at the lowest stimula-
tory intensity.

The preliminary analysis demonstrated that the place-
ment of the coil handle (i.e., to the right [Figure 1a] or left 
[Figure 1b]) had no significant effect on the amplitude of 
normalized motor-evoked potential in the diaphragm and 
biceps. We therefore combined the data from both sides to 
evaluate the effect of trans-spinal magnetic stimulation.

A paired t-test was used to evaluate the difference in 
amplitude and latency between the EMG signals from 
the left to right muscles during either deep inspiration, 
forelimb contraction, or response to trans-magnetic stim-
ulation. One-way repeated measures analysis of variance 
was used to assess the motor-evoked potential amplitude 
among the diaphragm and biceps during different stim-
ulatory intensity of trans-spinal magnetic stimulation. 
A t-test was used to compare the onset latency of motor-
evoked potential between male and female subjects. If 
the data did not pass the normality and equal variance 
tests, appropriate nonparametric statistical tests such as 
rank-based analysis of variance or the Mann–Whitney 
rank sum test were used to evaluate the experimental ef-
fects. All data are expressed as mean ± standard deviation. 
p < 0.05 was considered statistically significant.

3   |   RESULTS

3.1  |  Anthropometry of the participants

Anthropometric data for the 20 participants are provided 
in Table 1. Age and body mass index were similar between 
the male and female participants, but height and weight 
were significantly lower in female than in male partici-
pants (p < 0.05, Table 1).

3.2  |  Electromyograms of the 
diaphragm and biceps during deep 
inspiration and forelimb contraction

Representative examples of the bilateral diaphragm and bi-
ceps EMGs obtained during deep inspiration (Figure 2Aa) 
and forelimb isometric contraction (Figure 2Ab) are shown 
in Figure 2. Significant inspiratory bursting was observed 
in the diaphragm, but not the biceps, during deep inspira-
tion (Figure 2Aa). However, a significant increase in burst 
amplitude was observed in all muscles during forelimb 
isometric contraction (Figure 2Ab). The amplitude of left 
and right muscles was comparable during deep inspiration 

and forelimb contraction in both sexes (Figure  2b). The 
amplitude of diaphragm EMG was generally greater dur-
ing deep inspiration than during forelimb contraction in 
both male (right side, p = 0.042, Figure 2Bai) and female 
(left side, p = 0.027, Figure. 2Bbi) subjects. The EMG sig-
nal for bilateral biceps showed a greater amplitude during 
forelimb contraction than during deep inspiration in all 
subjects (p < 0.001, Figure 2Baii,Bbii).

3.3  |  Diaphragmatic motor-evoked 
potentials during trans-spinal magnetic 
stimulation

Representative examples of bilateral diaphragmatic 
motor-evoked potential induced by trans-spinal mag-
netic stimulation are shown in Figure  3. The peak-
to-peak amplitudes of motor-evoked potentials are 
presented as raw values (μV, Table 2) and as a percent-
age of the maximum response (%max, Figure  4). The 
background signal values of the right and left diaphragm 
during resting state (i.e., 0% stimulation) in male sub-
jects were 9.0 ± 2.6 and 8.2 ± 1.9 μV, respectively. The 
bilateral diaphragmatic motor-evoked potential was 
gradually increased as stimulatory intensity increased. 
Specifically, the amplitude of the right diaphragmatic 
motor-evoked potential (11.7 ± 6.5 μV; 17.5 ± 14.3%max) 
was significantly higher than the value during the rest-
ing state in male subjects when the stimulation intensity 
increased to 20% (p = 0.043, Figure 4a). However, the left 
diaphragmatic motor-evoked potential (26.9 ± 35.1 μV; 
25.5 ± 20.2%max) in males was significantly induced 
until the stimulatory intensity was increased to 60% 
(p = 0.024, Figure  4a). The background signal values 
of the right and left diaphragm during resting state in 
female subjects were 9.4 ± 2.9 μV (9.8 ± 6.5%max) and 
9.2 ± 2.4 μV (9.3 ± 6.4%max), respectively. The ampli-
tude of right and left diaphragmatic motor-evoked 
potential (right: 44.9 ± 11.7 μV, 47.4 ± 24.5%max; left: 
26.4 ± 21.3 μV, 27.7 ± 27.3%max) was significantly 
higher than the value during the resting state in female 
subjects when the stimulation intensity increased to 
60% (p < 0.001, Figure  4b).The amplitude of bilateral 
diaphragmatic motor-evoked potential in both sexes 
could still be augmented when the stimulatory intensity 
increased from 70% to 100%. The diaphragmatic motor-
evoked potential amplitude at 100% intensity was sig-
nificantly greater than the response at 90% intensity in 
bilateral diaphragm of males and females, suggesting 
that the diaphragmatic motor-evoked potential may not 
have reached the plateau response during 100% trans-
spinal magnetic stimulation (Figure  4a,b; Table  2). 
In addition, the intensity–response curve of the right 
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F I G U R E  2   Electromyograms of the diaphragm and biceps. Representative examples of the bilateral diaphragm (Dia) and biceps 
electromyogram (EMG) during deep inspiration (Aa) and forelimb maximal isometric contraction (Ab) in a subject are shown in panel (A). 
The data trace is presented as the raw signal and the rectified and smoothed signals (∫) of the right and left muscles. Panel (B) presents the 
amplitude of the diaphragm (i) and biceps (ii) in both male (a, n = 12) and female (b, n = 8) subjects. Data are presented as mean + standard 
deviation (bar chart) and individual data points (white circles). #p < 0.05: significant difference between two conditions. L, left muscle; R, 
right muscle. ##p < 0.001: significant difference between two conditions.
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diaphragm was shifted upward compared with the curve 
of the left diaphragm in both sexes. These results sug-
gested that excitability and responsiveness of the right 
diaphragm may be greater than those of the left dia-
phragm in response to trans-spinal magnetic stimula-
tion (p < 0.001, Figure 4a,b). However, the onset latency 
of diaphragmatic motor-evoked potential in response to 
100% intensity was similar between the left and right 
diaphragm, suggesting trans-spinal magnetic stimula-
tion can simultaneously activate bilateral diaphragm 
(Figure 4c).

3.4  |  Biceps motor-evoked potentials 
during trans-spinal magnetic stimulation

Representative examples of bilateral biceps motor-
evoked potential induced by trans-spinal magnetic 
stimulation are shown in Figure 3. Intensity-dependent 
response of biceps motor-evoked potential was ob-
served in both male and female subjects. Specifically, 
the amplitude of the motor-evoked potential in the 
right biceps at 30% intensity reached 14.6 ± 5.1 μV 

(24.1 ± 16.1%max), which was significantly higher than 
the background value (8.5 ± 4.5 μV; 12.7 ± 11.0%max) in 
male subjects (p < 0.001, Figure 5a). Notably, a signifi-
cant left biceps motor-evoked potential could only be 
observed until the stimulatory intensity reached 60% 
(32.9 ± 19.0 μV; 35.2 ± 24.3%max) in males (p = 0.001, 
Figure  5a). Regarding female subjects, the right bi-
ceps motor-evoked potential was significantly greater 
during 40% stimulatory intensity (26.1 ± 14.8 μV, 
30.8 ± 19.7%max, p = 0.015) than during the rest-
ing state (9.1 ± 2.7 μV, 11.6 ± 8.8%max) (Figure  5b), 
while the left biceps motor-evoked potential was sig-
nificantly greater during 60% stimulatory intensity 
(41.2 ± 19.4 μV, 45.5 ± 28.7%max, p = 0.001) than dur-
ing the resting state (9.6 ± 4.0 μV, 12.3 ± 9.4%max) in 
females (Figure  5b). Hence, the recruitment thresh-
olds of right and left biceps in females were 40% and 
60%, respectively. The biceps motor-evoked potential 
gradually augmented when the stimulatory intensity 
increased from 60% to 100%, and the amplitude usually 
reached the maximal value at 100% intensity in both 
side muscles (Figure 5a,b). The onset latency of bilat-
eral biceps was comparable in both male and female 

F I G U R E  3   Motor-evoked potential of the diaphragm and biceps in response to trans-spinal magnetic stimulation. The figure shows 
motor-evoked potential of the bilateral diaphragm (Dia) and biceps in response to 0% (a), 20% (b), 40% (c), 60% (d), 80% (e), and 100% (f) 
stimulation intensity (% of maximal output of the stimulator). Data traces are superimposed for 10 waveforms in response to each stimulus 
intensity. The dotted line denotes peak-to-peak amplitude, and the black line denotes the onset latency. L, left muscle; R, right muscle.
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subjects, indicating trans-spinal magnetic stimulation 
can induce co-activation of bilateral biceps (Figure 5c). 
Moreover, the intensity–response curve of the right 

biceps was shifted upward compared with the curve of 
the left biceps in males (p < 0.001, Figure 5a), indicat-
ing that excitability and responsiveness are higher in 
the right biceps than the left in response to trans-spinal 
magnetic stimulation.

3.5  |  Co-activation of diaphragm and 
biceps motor-evoked potential during 
trans-spinal magnetic stimulation

The intensity–response curve between the diaphragm 
and biceps motor-evoked potential is demonstrated in 
Figure  6. Trans-spinal magnetic stimulation can induce 
an intensity-dependent response of both diaphragm and 
biceps motor-evoked potential from 20% to 100% inten-
sity. The recruitment threshold is similar between the 
diaphragm and biceps in left muscles (Figures  6Aa,Ba). 
However, we noticed that the intensity–response curve 
of biceps was shifted upward relative to that of the dia-
phragm on both sides in male participants (left, p = 0.002; 
right, p = 0.009; Figure  6A), indicating that excitability 
and responsiveness are higher in the biceps than in the 
diaphragm in response to trans-spinal magnetic stimula-
tion. This differential diaphragm versus biceps response 
was also observed in the left side of females (p = 0.001, 
Figure 6Ba). In general, when the intensity is over 60%, 
the bilateral diaphragm and biceps would be co-activated 
in both males and females.

4   |   DISCUSSION

The present study demonstrates that trans-spinal mag-
netic stimulation using a figure-of-eight coil with two 
wings covering the mid-cervical to the upper thoracic 
portion of the spinal cord can induce motor-evoked po-
tentials in bilateral diaphragm and biceps in subjects 
of both sexes. Moreover, during trans-spinal magnetic 
stimulation, the intensity–response curve for the right 
diaphragm was shifted upward compared with that of 
the left diaphragm in both male and female subjects, 
indicating that the responsiveness of the diaphragm is 
distinct between the right and left sides. Furthermore, 
the responsiveness during trans-spinal magnetic stimu-
lation in male subjects is usually higher in the biceps 
than in the diaphragm. These results suggest that the 
use of the current trans-spinal magnetic stimulatory 
configuration to co-activate the bilateral diaphragm and 
biceps is feasible. We propose that this approach can be 
used in a clinical context as an efficient and convenient 
strategy for the activation of both respiratory and fore-
limb muscles.

F I G U R E  4   The intensity–response curve and latency of the 
diaphragmatic motor-evoked potential in response to trans-spinal 
magnetic stimulation. The intensity–response curve of bilateral 
diaphragmatic motor-evoked potential in male (a, n = 12) and 
female (b, n = 8) subjects are presented as a percentage of the 
maximal response during trans-spinal magnetic stimulation. 
Panel (c) shows the onset latency of diaphragmatic motor-evoked 
potential induced by 100% intensity. *p < 0.05: significant difference 
between the intensity–response curve of the left and right 
muscles. #p < 0.05: significant difference between the response 
of left and right muscles at a specific intensity. †p < 0.05: the 
recruitment threshold (†1: left side; †2: right side) (i.e., the response 
is significantly greater than the background signal values at the 
lowest stimulatory intensity).
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4.1  |  Critique of method

Several methodological limitations, including the speci-
ficity of surface EMG electrodes, the time point for 
trans-spinal magnetic stimulation, and the influence 
of neck curvature on the contact between the coil and 
the vertebrae, have been discussed extensively in our 
recent report (Ren et al., 2022). However, there are ad-
ditional issues that require further discussion. First, 
the two wings of the coil covered the vertebrae from 
the mid-cervical to high thoracic segments (Figure  1). 
This stimulatory configuration can extensively activate 
the spinal cord, spinal roots, and spinal nerves from 
the cervical to the thoracic level; therefore, the motor-
evoked potentials induced in the present study are a 
summation response from the stimulation of the mid-
cervical to high thoracic spinal cord. Second, coil orien-
tation has a substantial influence on the effectiveness of 
transcranial magnetic stimulation in both humans and 
animals (Janssen et al., 2015; Richter et al., 2013; Vinit 
et al., 2014). Although this study demonstrated that the 
amplitude of the normalized motor-evoked potentials 
was not affected by whether the coil handle was held to 
the right or left of the spine, we cannot exclude the pos-
sibility that positioning the coil at other angle might pro-
duce a differential response between left- and right-side 
muscles. Future studies are needed to comprehensively 
examine the effect of coil orientation on trans-spinal 
magnetic stimulation-induced motor-evoked potentials. 
Third, the neck length may be different between sexes 
because males are significantly taller than females. As 
different neck lengths may influence the number of 
spinal segments covered by the magnetic field, we pro-
posed that trans-spinal magnetic stimulation may acti-
vate more spinal segments in female subjects and cause 
the differential response compared with male subjects.

4.2  |  Co-activation of bilateral muscles 
during trans-spinal magnetic stimulation

Transcranial magnetic stimulation has been widely 
used at the cortex level to investigate its effects on motor 
excitability. However, it has been reported that transcra-
nial magnetic stimulation generally induces a differen-
tial response between left- and right-side muscles. For 
example, Khedr and Trakhan (2001) demonstrated that 
transcranial magnetic stimulation above the left hemi-
sphere induced a greater motor-evoked potential in the 
right diaphragm than in the left diaphragm. Similarly, a 
higher amplitude signal is usually observed in the con-
tralateral biceps than in the ipsilateral biceps in response 
to transcranial magnetic stimulation (Bawa et al., 2004). 

The differential response between the contralateral and 
ipsilateral muscles is primarily due to a difference in 
the proportions of crossed and uncrossed corticospinal 

F I G U R E  5   The intensity–response curve and latency of the 
biceps motor-evoked potential in response to trans-spinal magnetic 
stimulation. The intensity–response curve of bilateral biceps 
motor-evoked potential in male (a, n = 12) and female (b, n = 8) 
subjects are presented as a percentage of the maximal response 
during trans-spinal magnetic stimulation. Panel (c) shows the 
onset latency of biceps motor-evoked potential induced by 100% 
intensity. *p < 0.05: significant difference between the intensity–
response curve of the left and right muscles. #p < 0.05: significant 
difference between the response of left and right muscles at a 
specific intensity. †p < 0.05: the recruitment threshold (†1: left side; 
†2: right side) (i.e., the response is significantly greater than the 
background signal values at the lowest stimulatory intensity).
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tracts. When the coil is moved down to the spinal cord, 
stimulation at this position has been shown to induce 
activation of the bilateral muscles in both human and 
animal studies (Lee et al., 2021, 2022; Ren et al., 2022; 
Urban et al., 2002). The ability of trans-spinal magnetic 
stimulation to co-activate bilateral muscles is mainly 
due to the fact that the magnetic field can cover the 
whole spinal cord and/or bilateral spinal roots/nerves. 
This characteristic of trans-spinal magnetic stimula-
tion can be used to examine the differential response 
of bilateral muscles under physiological or pathological 
conditions.

Additionally, we found that the excitability in the right-
side muscle is greater than that in the left-side muscle. 
The difference may be contributed to handedness, as al-
most all participants (18 participants) are right-handed. 
Several factors, such as lower recruitment threshold 
of motor units, higher firing rate of motor units (Adam 
et al., 1998), greater motoneuron excitability (Tan, 1989), 
and higher composition of type I muscle fiber (Fugl-Meyer 

et  al.,  1982), are typically found in the dominant hand 
compared to the nondominant hand. Accordingly, trans-
spinal magnetic stimulation may likely induce a greater 
response in the dominant side muscles (i.e., right side). 
A similar result was also observed in previous studies 
(Spiesshoefer et al., 2019; Zifko et al., 1996).

4.3  |  Co-activation of the diaphragm and 
biceps during trans-spinal magnetic 
stimulation

In addition to the co-activation of bilateral muscles, the 
present study demonstrated that a single pulse of trans-
spinal magnetic stimulation using a figure-of-eight coil 
with two wings covering the mid-cervical to upper tho-
racic portion of the spinal cord can comprehensively 
activate the diaphragm and biceps. The magnetic field 
generated by this stimulatory configuration can cover a 
longitudinal region of the spinal cord and then stimulate 

F I G U R E  6   Comparison of the intensity–response curve between diaphragm and biceps. The intensity–response curve of the left (a) 
and right (b) diaphragm (Dia) and biceps, was compared in male (A, n = 12) and female (B, n = 8) subjects. *p < 0.05: significant difference 
between the intensity–response curve of diaphragm and biceps. #p < 0.05: significant difference between the response of diaphragm and 
biceps at specific intensity. †p < 0.05: the recruitment threshold (†1: diaphragm; †2: biceps) (i.e., the response is significantly greater than the 
background signal values at the lowest stimulatory intensity).
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the motoneurons and spinal roots/nerves from the mid-
cervical to high-thoracic level. Although there would be 
three hot spots (i.e., the center of the coil and the centers 
of the two wings) inducing greater eddy currents within 
the spinal cord, this approach can effectively activate both 
respiratory and forelimb muscles simultaneously. The co-
activation of multiple muscles using a single trans-spinal 
magnetic stimulatory approach may be more efficient and 
convenient than magnetic stimulation of the cortex or pe-
ripheral nerves.

The results of the present study demonstrate that the 
responsiveness of the biceps is greater than that of the 
diaphragm during trans-spinal magnetic stimulation 
in males. The mechanism underlying this difference re-
quires further investigation. We have proposed several 
factors that may contribute to the differential response of 
the biceps and the diaphragm. First, the phrenic nucleus 
innervating the diaphragm in humans are primarily lo-
cated in the third to fifth cervical spinal cord (Routal & 
Pal,  1999), while the biceps is innervated by motoneu-
rons within third or fifth to seventh spinal cord (Schirmer 
et al., 2011; Waxenbaum et al., 2022). The larger area of 
the biceps motoneuron pool and/or the larger number of 
nerve roots may be responsible for the greater suscepti-
bility to trans-spinal magnetic stimulation observed in 
the biceps relative to the diaphragm. In addition, the cen-
ter of the stimulus coil is closer to biceps motoneurons, 
roots, and nerves. It may also be a reason for the greater 
response in biceps than in the diaphragm. Second, the 
cross-sectional area of the diaphragm fiber (2225.5 ± 130.6 
to 2502.6 ± 225.8 μm2, mean ± SE) is smaller than that 
of the biceps (5261 ± 1211 μm2, mean ± SD) (Duchateau 
& Enoka,  2022; Meznaric & Cvetko,  2016). The smaller 
diaphragm fiber size results in a lower amplitude of 
motor unit potential compared to the biceps (Podnar & 
Resman-Gaspersic, 2008), and this may lead to a weaker 
motor-evoked potential during trans-spinal magnetic 
stimulation. Third, the composition of muscle fiber is also 
different between the diaphragm and the biceps. For ex-
ample, a previous study indicated that the adult human 
diaphragm consists of approximately 55% slow-twitch and 
45% fast-twitch fibers (Polla et al., 2004), while the biceps 
are composed of approximately 39% slow-twitch and 61% 
fast-twitch fibers (Dahmane et al., 2005). As slow-twitch 
fibers are usually smaller than fast-twitch fibers and have 
a weaker motor unit potential, diaphragmatic motor-
evoked potentials are expected to be smaller than biceps 
motor-evoked potentials. Fourth, the surface electrodes 
used for the diaphragm EMGs were placed on the low in-
tercostal space and were not directly attached to the costal 
diaphragm. This configuration may attenuate volume con-
duction and dampen the intensity of the signal generated 
by the diaphragm. However, the surface electrodes were 

in direct contact with the biceps, which may have enabled 
the electrodes to receive robust signals from the biceps.

4.4  |  Effectiveness of trans-spinal 
magnetic stimulation using a figure-of-eight 
coil with a different orientation

Our previous report demonstrated that trans-spinal 
magnetic stimulation using a figure-of-eight coil with 
two wings covering the bilateral spinal roots/nerves 
can induce motor-evoked potentials bilaterally in the 
diaphragm (Ren et al., 2022). However, diaphragmatic 
motor-evoked potential amplitude induced by this 
stimulatory configuration is weaker than the response 
induced by a figure-of-eight coil with two wings cov-
ering the mid-cervical to high-thoracic portion of the 
spinal cord in this study. This differential response is 
mainly caused by differences in the coverage of the elec-
tromagnetic field and suggests that the current study 
established a more effective trans-spinal magnetic stim-
ulation to induce co-activation of bilateral diaphragm 
and biceps.

4.5  |  Sex effect

Two differences in the responses of male and female 
subjects were observed in this study. First, a stronger re-
sponse was observed in the biceps than in the diaphragm 
during trans-spinal magnetic stimulation in the right side 
of males. Second, a significantly stronger response was ob-
served in the right biceps than the left biceps in males but 
not females. Our results demonstrated that the biceps re-
sponse is generally weaker in females, and female subjects 
exhibited a similar response between the left and right bi-
ceps, and between the diaphragm and biceps. A previous 
study showed that men were found to have significantly 
larger type I fiber area (4597 vs. 3483 μm2) and mean fiber 
area (6632 vs. 3963 μm2) than women in the biceps bra-
chii (Miller et al., 1993). This anatomic difference may be 
the cause of the lower biceps motor-evoked potentials ob-
served in female subjects, as well as the fact that we were 
unable to reveal any difference between the responses in 
the biceps and the diaphragm during trans-spinal mag-
netic stimulation.

5   |   CONCLUSION

This study demonstrated that trans-spinal magnetic stim-
ulation using a figure-of-eight coil is a feasible and effi-
cient approach to co-activate the bilateral diaphragm and 
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biceps. Although the responses to trans-spinal magnetic 
stimulation may exhibit a mild asymmetry between mus-
cles on the left and right sides due to anatomical factors, 
the co-activation of respiratory and forelimb muscles in 
response to trans-spinal magnetic stimulation provides a 
proof of concept for developing a strategy to activate res-
piratory and forelimb muscles in the future.
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