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Mapping Responses of Lumbar Paravertebral
Muscles to Single-Pulse Cortical TMS Using
High-Density Surface Electromyography

Naifu Jiang

Abstract—Motor evoked potential (MEP), which was
elicited by transcranial magnetic stimulation (TMS), has
been widely used to detect corticospinal projection from
TMS cortical site to trunk muscles. It can help to find
the stimulation hotspot in the scalp. However, it fails to
precisely describe coordinated activities of trunk muscle
groups with only single-channel myoelectric signal. In this
study, we aimed to use high-density surface electromyogra-
phy (sEMG) to explore the effect of cortical TMS on lumbar
paravertebral muscles in healthy subjects. The cortical site
at 1 cm anterior and 4 cm lateral to vertex was chosen to
simulate using a single-pulse TMS with different intensi-
ties and forward-bending angles. A high-density electrode
array (45 channels) was placed on the surface of lumbar
paravertebral muscles to record sEMG signals during a TMS
experiment. MEP signals elicited by TMS were extracted
from 45-channel recordings and one topographic map of the
MEP amplitudes with six spatial features was constructed
at each sampling point. The results showed TMS could
successfully evoke an oval area with high intensity in the
MEP topographic map, while this area mainly located in
ipsilateral side of the TMS site. Intensity features related to
the high intensity area rose significantly with TMS inten-
sity and forward-bending angle increasing, but location
features showed no change. The optimal stimulation para-
meters were 80% of maximum stimulator output (MSO) for
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TMS intensity and 30/60 degree for forward-bending angle.
This study provided a potentially effective mapping tool to
explore the hotspot for transcranial stimulation on trunk
muscles.

Index Terms— Electromyography, biomedical measure-
ment, transcranial magnetic stimulation, motor evoked
potentials, trunk muscle.

I. INTRODUCTION

RANSCRANIAL stimulation such as transcranial

magnetic stimulation (TMS) and transcranial electrical
stimulation (TES) is a potential and popular non-invasive
neuromodulation technique. In the past decade, more and
more studies investigated the effect of this technique on
different diseases. Majority of the studies on the muscle
disorder of extremities (e.g., phantom limb pain) showed good
intervention effect [1], [2]. Nevertheless, with respect to the
muscle disorder of trunk (e.g., low back pain), no consistent
conclusion had been drawn [3]-[6]. This was probably
because that the corticospinal drive to the trunk muscles is
different with that to the muscles of the extremities. For trunk
muscles, this drive effect was considered to have a stronger
bilateral hemispherical input [7], [8]. Thus, it is significant
to explore the certain relationship between the transcranial
stimulation and the response of trunk muscles.

Motor evoked potential (MEP), which was elicited by
TMS, from lumbar paravertebral muscles (a typical type of
trunk muscles) has been widely used to detect corticospinal
projection from TMS cortical site to trunk muscles. MEP
signals were often recorded via surface electromyography
(sEMQG) electrodes during different designed movements (e.g.,
trunk extension, shoulder flexion, weight-lifting), while the
electrodes were placed on different trunk muscles (e.g., erector
spinae and rectus abdominis) [9], [10]. The variation of MEPs
can reveal the law of change of corticospinal excitability. For
disorder of trunk muscles such as low back pain, the amplitude
of MEPs of the lumbar paravertebral muscles can be used to
investigate the mechanism and physiologic effects of some
novel treatments [11], [12]. Both the ipsilateral and contralat-
eral MEPs can be found from the erector spinae [7], [8].
By employing the TMS to map the cortical representations of
the lumbar paravertebral muscles, some studies even prelimi-
narily found out the optimal site of stimulation (also called
“hotspot”), situated 1 cm anterior and 4 cm lateral to the
vertex, for evoking responses in the lumbar paravertebral mus-
cles [5], [13]-[15]. However, in previous studies, researchers
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primarily collected and analyzed the MEPs from one spot
on the surface of muscle, using only single-channel surface
electromyographic (sEMG) electrode, without taking other
adjacent spots into consideration. Consequently, the coordi-
nated activities of trunk muscles including superficial muscles
and deep muscles cannot be revealed. Besides, because it is
very difficult to avoid the influence of transcranial stimulation
on the cortical area around the stimulation site [3], [15],
the transcranial stimulation undoubtedly activates more unex-
pected muscles more or less. Thus, it is necessary to investigate
the TMS-evoked response of all spots of lumbar paravertebral
muscles rather than only one target spot. Through observing
the MEPs from most muscle spots in the low back area, the
effect of transcranial stimulation on the corticospinal projec-
tion can be observed more precisely and the accurate hotspot
for treatment of trunk muscles’ disorder may be obtained.

High-density sSEMG technique provided a solution to gain
all MEPs from a local area in a high resolution. For extremity
muscles, there has been some studies on MEP measurement
by using high-density SEMG electrodes. They measured the
multi-channel MEP signals, by attaching a high-density SEMG
electrodes’ grid to the surface of extensor carpi radialis (ECR),
extensor carpi ulnaris (ECU) and extensor digitorum com-
munis (EDC) of the forearm [16]-[18]. The previous studies
found out the topographic map of MEP amplitudes could quan-
tify not only the temporal but also the spatial characteristics
of evoked muscle activities with high resolution. These results
also indicated non-targeted activated muscle (ECU and EDC)
instead of targeted activated muscle (ECR) was primarily
correlated to the spatial distribution of MEP topographic
map under some stimulation parameters. However, for trunk
muscles, there was no MEP studies based on high-density
SEMG signals. Some researchers tried to collect high-density
SEMG signals from back area, so as to assess the coordinated
activities of different trunk muscles [19]-[21]. The extracted
features from high-density sSEMG signal could even be used to
make a prognostic prediction of specific rehabilitation program
for low back pain [22]-[24]. These results can motivate us
to use high-density sSEMG mapping technique to find out
the corticospinal projection from transcranial stimulation to
lumbar spine paraspinal muscles more comprehensively and
precisely.

Therefore, this study aimed to use high-density SEMG to
investigate the effect of cortical TMS on lumbar paravertebral
muscles in healthy subjects. This study will provide a pre-
liminary conclusion for the feasibility and optimal parameters
to use the elicited high-density MEP mapping information to
localize the hotspot precisely.

Il. METHODS
A. Participants

A total of twelve healthy and right-handed male
participants were recruited from the local institute. With
respect to the sample size, we designed it according to
previously relevant hotspot-searching studies on lumbar
paraspinal muscles [5], [12]-[14]. The data with more than
9 participants was found to be enough to draw an effective

preliminary conclusion. Within the protocol, individuals who
had history of psychiatric, neurological, implanted medical
devices, or currently taking psychotropic medications were
excluded. Participants’ characteristics including physiological
and psychological variables were recorded before the
experimental process. All participants gave their written
informed consent before the test and were paid for their
participation. The experimental procedure was performed in
accordance with the Declaration of Helsinki and was approved
by the Institutional Review Board of Shenzhen Institutes
of Advanced Technology, Chinese Academy of Sciences
(IRB No.: SIAT-IRB-191115-H0393, November 2019).

B. High-Density SEMG Measurement

In previous studies [5], [13]-[15], in order to reduce the
influence of waist girth to the statistical results, the researchers
often tried to apply the identical measurement scale to localize
the TMS site and sEMG electrode’s position. The distance
(e.g., cm) was generally used as the scale. Thus, in this
study, we also used the distance scale (cm) to place the TMS
coil and the high-density sSEMG electrodes, so that the size
of waist girth had little influence on the statistical results.
In addition, the body mass index (BMI) of the recruited
subjects was in an ideal range of normal weight (18.5-24.9).
The High-density surface electrodes (Ag/AgCl electrode,
IED = 1.5 cm) in a 3 x 15 array (45 electrodes) were attached
to the skin in the low back area between the lateral edges of the
torso (horizontally) and the L2-L4 level (vertically). The main
lumbar paravertebral muscles are arranged into three muscular
columns: lateral, the iliocostalis; intermediate, the longissimus
and medial, the multifidus [25]. In order to obtain the MEP
response from all lumbar paravertebral muscles, the placement
of high-density SEMG electrodes covered all area of these
muscles. Excluding the 45 electrodes, another one electrode
was attached to the surface of sacral vertebrae as the ground
(GND). In order to make the placement of the electrodes
understood more easily, the detailed location of electrodes was
also shown in the Fig. 1A. Before the sSEMG electrodes were
attached, the skin preparation for SEMG was done according
to the following procedures to keep the skin impedance less
than 10 kQ: cleaning the site with alcohol wipe, shaving
the electrode site (if the skin surface at the sensor location
was covered with noticeable hair), and lightly ab rading the
skin with fine sandpaper. The monopolar SEMG signal from
45 sEMG electrodes were differentially amplified versus the
reference electrode. The sEMG signal was acquired at a
sample rate of 2048 Hz and was band-filtered between 10 and
1000 Hz (REFA, TMSi International, the Netherlands). S0Hz
powerline influence was removed by digital notch filters. The
cardiac artifact was filtered by the independent component
analysis (ICA) method.

C. TMS Intervention

Different with the MEPs of forearm muscles, MEPs of
the trunk muscles are difficult to be elicited [5], [12]-[14].
In previous hotspot-searching studies on lumbar paraspinal
muscles, the researchers often looked for the hotspot by
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Fig. 1.
cortical-TMS site; (C) Forward-bending angle during straight sitting.

directly using 100% of maximum stimulator output (MSO) as
the TMS intensity to elicit consistent MEPs [5], [12]-[14],
rather than using active motor threshold (AMT) or resting
motor threshold (RMT). Besides, the use of multi-channel
MEDPs can lead to a different hotspot-searching process with
the previous standard single-channel MEP-based process. For
single-channel MEP, the AMT/RMT was often obtained from
the signal of a single muscle. For multi-channel MEPs, it was
difficult to find the appropriate AMT/RMT because the sig-
nals reflected the muscle synergy rather than single muscle’s
activity [19], [21], [22]. Thus, we did not follow the previous
TMS standard process.

A repetitive biphasic Magstim Rapid2 TMS system
(Magstim Company, UK) was used to deliver the stimuli to
motor cortex (Fig. 1A). The stimuli were delivered by using
single pulse mode with a 70mm figure-of-eight coil. In order
to elicit the MEPs more easily, 45° from the sagittal plane was
chosen as the most appropriate oriented angle for coil handle.
The stimulation site was located 1 cm anterior and 4 cm lateral
to the vertex (Fig. 1B), because it might be the optimal site,
displayed in previous studies, for evoking responses in the
lumbar spine paravertebral (LP) muscles [5], [12]-[14]. During
the stimulation, the participant was seated comfortably in a
chair with the back straight and arm falling.

Multi-channel MEPs were extracted from sEMG signals by
using multi-channel SEMG electrodes. Two types of stimu-
lation parameters (TMS intensity and forward-bending angle)
were simultaneously set to elicit multi-channel MEPs. Accord-
ing to the previous studies [5], [8], [12]-[14], [26]-[31] and
taking the risk to induce epilepsy with long experimental
duration into consideration, the TMS intensity was set as
60%, 80%, or 100% of maximum stimulator output (MSO)
while the forward-bending angle was O degree, 30 degree,
or 60 degree from vertical line in sagittal plane in a trial
(Fig. 1C). Each trial consisted of six stimuli, delivered to
the site with an inter-stimulus interval of 3-6 seconds, with
the same stimulation parameters (TMS intensity and forward-
bending angle). Participants were given S5-minutes resting
period between trials, so as to minimize the potential for
muscle fatigue.

MEP Topographic Map

Experimental procedure and data processing procedure. (A) Acquisition and processing of high-density sEMG data; (B) Location of

o Max

o IpsiT

1.5cm

o ContraT

1.5cm

7.5cm 3cm 3em 7.5¢m

Fig. 2. Feature parameters of MEP topographic map. Peak-to-peak
amplitude of the MEP (10ms-40ms following the TMS stimulation) was
calculated from each channel to form the MEP topography.

D. Data Analysis

The amplitude of each MEP was calculated between the
10ms and 40ms following each stimulation. The peak-to-peak
value between the onset and offset latencies of the MEP
was regarded as the amplitude of the MEP. After obtaining
all channels’ amplitude of MEP, the method of linear cubic
spline interpolation was used to estimate the amplitude of
MEP among each channel. By transferring the amplitude value
of MEP to corresponding color, a topographic map called
MEP topographic map could be constructed (Fig. 2). The
spot with the maximum amplitude value of MEP in the MEP
topographic map was marked as Max. It was supposed to be
in the center of the high intensity area. According to previous
studies [5], [13], [14], the spot 3 cm lateral to the L3 spinous
process (central spot in the topographic map) was the target
LP muscle spot which showed the most response elicited by
TMS on the site 1 cm anterior and 4 cm lateral to the vertex.
Due to the different side of the TMS site and target LP muscle
spot, the muscle spot in the ipsilateral side of the TMS site was
marked as the IpsiT while that in the contralateral side was
marked as the ContraT. In order to analyze the high intensity
area in the MEP topographic map, five feature parameters
named MEPMax, MEPIpsiT, MEPContraT, DistMaxtolpsiT,
and DistMaxtoContraT were extracted. MEPMax was the
amplitude value of MEP of the Max spot. MEPIpsiT and
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Fig. 3. Processing of MEP topographic map to extract the feature parameter named Relative Area. (a) original MEP topographic map. (b) normalized

MEP topographic map. (c) binary MEP topographic map.

MEPContraT were respectively the amplitude value of MEP
of the IpsiT spot and ContraT spot. DistMaxtolpsiT and
DistMaxtoContraT were the distance from the Max spot to the
target spot (IpsiT spot or ContraT spot). These five parameters
were mainly used to describe the intensity feature and location
feature of the high intensity area.

Except the intensity and location feature, the density feature
of the high intensity area in the MEP topographic map
should also be extracted. By adjusting the elements’ range
of the topographic map between the maximum amplitude of
MEP and minimum amplitude of MEP, the original MEP
topographic map (Fig. 3a) was normalized. Then by setting
the threshold value, the normalized MEP topographic map
(Fig. 3b) could be transferred to the binary MEP topographic
map (Fig. 3c). In this study, the threshold value was set as
70%. In the Fig. 3c, the proportion of the white area with
respect to the entire topographic map was the sixth feature
parameter, which was named Relative Area, so as to measure
the density feature of the high intensity area.

E. Statistical Analysis

SPSS 19.0 (IBM, Armonk, NY, USA) was applied to
conduct all statistical analyses. The demographic variables and
clinical characteristics variables were compared with y? test
and independent T test. In order to obtain the optimal MEP
topographic feature parameters for precise activation of LP
muscle, we applied a two-way analysis of variance (ANOVA)
to evaluate the influence of the TMS intensity (60% vs. 80%
vs. 100% of the MSO) and forward-bending angle (O degree
vs. 30 degree vs. 60 degree) on each MEP topographic
feature parameter. Partial eta squared (775) was calculated as
a measure of the effect size. Mean square error (MSe) was
also presented. Post-hoc multiple comparisons were performed
with Bonferroni correction. Two-tailed p values were set at
0.05.

With three participants dropped out, the remaining nine
participants accomplished all experiments. The demographic
characteristics and clinical characteristics were shown in the
Table I. With respect to adverse effects, only one partici-
pant reported a severe dizziness during stimulation, but no
one withdrew the experiment. No unexpected adverse events
(e.g., seizure, headache) were observed during and after
intervention.

RESULTS

TABLE |
PARTICIPANT CHARACTERISTICS

Characteristics Mean + Standard Deviation

Age (years) 24.58 £ 1.78
Weight (kg) 65.58 £6.05
Height (cm) 174.83 £5.17
BMI (kg/m2) 21.46 =1.88

BMI = Body Mass Index.

A. MEP Topographic Maps During Different TMS
Intensity and Forward-Bending Angle

In order to compare the MEP topographic maps more conve-
niently, the normalized MEP topographic maps (Fig. 4, Fig. 5)
were calculated and applied. With shown in Fig 4 and Fig. 5,
most high intensity area (value larger than 70%), featured
with an oval boundary, were distributed around one spot in
the topographic map. Through visual inspection, the vertical
distance from this spot to the L3 horizontal line was smaller
than that to the L2 horizontal line and to the L4 horizontal
line in most topographic maps. It indicated this spot normally
located around the horizonal line of the L3 spinous process.
In comparison of the results between left-side TMS and
right-side TMS, a similar distributions of high intensity area
were found. The high intensity area was ipsilateral with the
TMS no matter which side of TMS. In Fig. 4 and Fig. 5, the
location of the maximum response in MEP topographic maps
showed some difference with different conditions. It did not
mean different muscles were activated. It meant the synergy
of muscle groups which was displayed by high-density sSEMG
signals were differently activated. Because the locations of
lumbar paravertebral muscles are different, the change of
muscle synergy (weight value of each muscle’s activity) can
lead to the shifting of the high intensity area in the MEP
topographic map.

B. Comparison of Feature Parameters of MEP
Topographic Maps During Different TMS Intensity and
Forward-Bending Angle

All feature parameters of MEP topographic maps dur-
ing different TMS intensity and forward-bending angle were
displayed in the Fig. 6.

For Relative Area, the two-way ANOVA revealed a sig-
nificant main effect of forward-bending angle [F(2, 152) =
12.260; p < 0.001; 175 = 0.139]. Post-hoc comparisons showed
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Fig. 4. Normalized MEP topographic maps while left-side TMS (one sample participant).

TMS Intensity (percentage of the maximum stimulator output)

60% 80% 100%

Forward Bending Angle
30 degree 0 degree

60 degree

100%

90%

80%

70%

1 60%

50%

40%

30%

20%

10%

0%

Fig. 5. Normalized MEP topographic maps while right-side TMS (one sample participant).

that Relative Area during O degree was significantly smaller
than that during 30 degree (p < 0.001) and that during
60 degree (p < 0.001). There was no significance on inter-
action effect and main effect of TMS Intensity.

For MEPMax, the two-way repeated measures ANOVA
revealed a significant interaction effect between TMS Intensity

and forward-bending angle [F(4, 152) = 6.082; p < 0.001;
’7% = 0.138]. Meanwhile, main effects of TMS Intensity
[F(2, 152) = 26.175; p < 0.001; 75 = 0.256] and forward-
bending angle [F(2, 152) = 48.969; p < 0.001; nf, = 0.392]
were both significant. For factor of forward-bending angle,
post-hoc comparisons showed that MEPMax during 0 degree,
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Fig. 6. Feature parameters of MEP topographic maps during different TMS intensity and forward-bending angle. IpsiT means the target muscle
spot in the ipsilateral side of the TMS site, while ContraT means the target muscle spot in the contralateral side of the TMS site. Max means the
muscle spot with the maximum amplitude value of MEP. The unit of amplitude of MEP (MEP) is uV while the unit of Distance (Dist) is cm.

30 degree and 60 degree were significantly different between
each other [0 degree vs. 30 degree (p < 0.001); O degree vs.
60 degree (p < 0.001); 30 degree vs. 60 degree (p < 0.001)].
For factor of TMS Intensity, post-hoc comparisons showed
that MEPMax during 100% of MSO was significantly larger
than that during 60% of MSO (p < 0.001) and that during
80% of MSO (p < 0.001).

For MEPIpsiT, the two-way repeated measures ANOVA
revealed a significant interaction effect between TMS Intensity
and forward-bending angle [F(4, 152) = 7.270; p < 0.001;
775 = 0.161]. Meanwhile, main effects of TMS Intensity
[F2, 152) = 27.014; p < 0.001; r]f) = 0.262] and
forward-bending angle [F(2, 152) = 64.120; p < 0.001;

7712) = 0.458] were both significant. For factor of forward-
bending angle, post-hoc comparisons showed that MEPIpsiT
during O degree, 30 degree and 60 degree were signifi-
cantly different between each other [0 degree vs. 30 degree
(p < 0.001); O degree vs. 60 degree (p < 0.001); 30 degree
vs. 60 degree (p < 0.001)]. For factor of TMS Intensity,
post-hoc comparisons showed that MEPIpsiT during 100% of
MSO was significantly larger than that during 60% of MSO
(p < 0.001) and that during 80% of MSO (p < 0.001).

For MEPContraT, the two-way repeated measures ANOVA
revealed a significant interaction effect between TMS Intensity
and forward-bending angle [F(4, 152) = 3.455; p = 0.010;
1712) = 0.083]. Meanwhile, main effects of TMS Intensity
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[F(2, 152) = 14.648; p < 0.001; 7, = 0.162] and forward-
bending angle [F(2, 152) = 40.847; p < 0.001; 5} =
0.350] were both significant. For factor of forward-bending
angle, post-hoc comparisons showed that MEPContraT during
0 degree, 30 degree and 60 degree were significantly different
between each other [0 degree vs. 30 degree (p < 0.001);
0 degree vs. 60 degree (p < 0.001); 30 degree vs. 60 degree
(p = 0.003)]. For factor of TMS Intensity, post-hoc compar-
isons showed that MEPContraT during 100% of MSO was
significantly larger than that during 60% of MSO (p < 0.001)
and that during 80% of MSO (p < 0.001).

For DistMaxtolpsiT, the two-way repeated measures
ANOVA revealed no significant interaction effect between
TMS Intensity and forward-bending angle [F(4, 152) =
0.559; p = 0.693; 775 = 0.015]. The main effect of TMS
Intensity [F(2, 152) = 1.945; p = 0.147; 775 = 0.025]
and forward-bending angle [F(2, 152) = 1.930; p = 0.149;
17[2, = 0.025] were both not significant.

For DistMaxtoContraT, the two-way repeated measures
ANOVA revealed no significant interaction effect between
TMS Intensity and forward-bending angle [F(4, 152) = 0.490;
p = 0.743; 77[% = 0.013] and no main effect of TMS Intensity
[F(2, 152) = 0.171; p = 0.843; 71[% = 0.002]. The main
effect of forward-bending angle was significant [F(2, 152) =
5.564; p = 0.005; ;7% = 0.068]. For factor of forward-bending
angle, post-hoc comparisons showed that DistMaxtoContraT
during O degree of forward-bending angle was significantly
larger than that during 30 degree of forward-bending angle
(p = 0.031) and that during 60 degree of forward-bending
angle (p = 0.007).

C. Comparison of Feature Parameters of MEP
Topographic Maps in Different Sides

With shown in the Fig. 7, the amplitude of MEP in the
target spot and the distance between the target spot and Max
spot were different between the ipsilateral and contralateral
side.

By using independent T test, the amplitude of MEP in the
IpsiT spot was significantly larger than that in the ContraT
spot during some TMS intensity and forward-bending angle
(60% of MSO and O degree of forward-bending angle:
p < 0.01; 80% of MSO and 0 degree of forward-bending
angle: p < 0.01; 80% of MSO and 30 degree of
forward-bending angle: p < 0.05; 80% of MSO and 60 degree
of forward-bending angle: p < 0.01). Similarly, the distance
from the Max spot to the IpsiT spot was significantly smaller
(p < 0.01) than the one from the Max spot to the ContraT
spot during all different TMS intensity and forward-bending
angle.

V. DISCUSSION

In this study, by analyzing the high-density SEMG signals
from the surface of lumbar paravertebral muscles, the MEP
topographic map elicited by single-pulse TMS could be
obtained. TMS could successfully evoke an oval area with high
intensity in the MEP topographic map, while this area mainly
located in the ipsilateral side of the TMS site. Intensity features

related to the high intensity area rose significantly with TMS
intensity and forward-bending angle increasing, but location
features showed no change. The high intensity area in this map
can accurately indicate the effect of transcranial stimulation on
trunk muscles.

In the MEP topographic map, there appeared a high inten-
sity area. The shape of this area tended to be like an oval. This
oval area had a central spot which showed the largest ampli-
tude of MEP. This finding is similar with previous studies on
the MEP topographic map from extremity muscles [16]-[18].
They used the high-density SEMG to investigated the spatial
distribution of MEPs in the forearm extensors. For one type
of forearm muscle such as extensor carpi radialis, the color
maps of the spatial distribution displayed a high intensity
area. Displayed in the quantitative analysis, there was no
statistically significant difference on the relative area and
the distance from the Max spot to the target spot among
different TMS parameters. It indicated the TMS site and
the elicited spot of trunk muscles was precisely correlated.
By using the MEP topographic map, it is potential to find
out the hotspot for the TMS on cortex related to the trunk
muscles.

In this study, it is obvious that the amplitude of MEP in
the MEP topographic map from trunk muscles is related to
the TMS intensity and forward-bending angle. It increased
as the TMS intensity increased or the forward-bending angle
increased. It is consistent with previous findings that the
TMS intensity and muscle activity were important factors for
MEPs [32], [33]. For factor of TMS intensity, a higher TMS
intensity could lead to a stronger magnetic field which acti-
vated a larger proportion of corticospinal neurons [32], [33].
The D-waves and I-waves might be induced by direct acti-
vation of the axon hillock, so as to activate more muscle
fibers [34]. For factor of muscle activity, a larger bending
angle could result in a larger muscle activity [percentage of
maximal voluntary contraction (MVC)]. When comparing a
resting and slightly active muscle, previous studies showed
increased muscle activity was mainly attributed to changes
in excitability at the spinal level [32]. A greater cortical
area was sensitive to eliciting a MEP when the muscle was
active [35]. Consequently, as forward-bending angle increased,
the corticospinal pathway became more and more sensitive to
the activation on the cortical area.

Furthermore, because the motor threshold during active
contraction of the target muscle, also named the active motor
threshold (AMT), which is considered an indicator of cor-
tical excitability, is often defined as the minimum inten-
sity required to elicit >2004V MEP in 5/10 consecutive
trials [36], our findings indicated the MEP during 30 or
60 degree of forward-bending angle was more likely to meet
the requirements. For the optimal TMS intensity to elicit MEP
topographic map of trunk muscles, 80% of MSO was more
appropriate, according to the Fig. 7a. Therefore, among the
TMS parameters (TMS intensity: 60%, 80%, 100% of MSO;
Forward-bending angle: 0 degree, 30 degree, 60 degree), 80%
of MSO and 30 or 60 degree of forward-bending angle are the
optimal TMS parameters to construct MEP topographic map
of trunk muscles.
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Fig. 7. Comparison of features between ipsilateral-side stimulation and contralateral-side stimulation. IpsiT means the target muscle spot in the
ipsilateral side of the TMS site, while ContraT means the target muscle spot in the contralateral side of the TMS site. Max means the muscle spot
with the maximum amplitude value of MEP. The unit of amplitude of MEP is uV while the unit of Distance is cm. (A) Amplitude of MEP in target
muscle spot during different forward-bending angle; (B) Distance from Max muscle spot to target muscle spot during different forward-bending angle.

* indicates p < 0.05. ** indicates p < 0.01.

No matter in qualitative or quantitative analysis results,
the high intensity area in most MEP topographic map located
ipsilaterally compared with the TMS site. This finding interest-
ingly indicates that the corticospinal projection from transcra-
nial stimulation site to trunk muscles is different with that to
extremity muscle. Some previous studies also found unilateral
TMS at the primary motor cortex could produce ipsilateral
excitatory responses in both right and left erector spinae [37].
This ipsilateral MEP could only be evoked in the axial muscles

(erector spinae) rather than in the arm muscles (anterior deltoid
and first dorsal interosseous) [7]. The reason why these find-
ings are obtained may be due to the neural pathway from motor
cortex to trunk muscles. The bilaterally organized neural path-
way such as corticoreticulospinal or propriospinal pathway had
been verified to mediate ipsilateral excitatory responses [38].
The study on primate and mice showed a corticoreticulospinal
pathway from supplementary motor area (SMA) to cervical
cord via the reticulospinal system did exist [39]. The existence
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of descending axons (dCINs) in the lumbar spinal cord could
mediate responses in lumbar motoneurons via reticulospinal
pathways originating from the medial and lateral medullary
reticular formation (MRF) [40]. This pathway showed the
capacity to influence both the ipsilateral and contralateral
trunk musculature [39], [40]. Therefore, the bilaterally neural
pathway from motor cortex to trunk muscles may account
for the finding of ipsilateral high intensity area in the MEP
topographic map in this study.

There are also several limitations in this study. Firstly,
the hotspot for lumbar paravertebral muscles from our find-
ings was different with that in the previous studies (I cm
anterior and 4 cm lateral to the vertex). In previous stud-
ies [5], [13], [14], when stimulating the hotspot (1 cm anterior
and 4 cm lateral to the vertex), the MEP signal from the spot
3 cm lateral to the L3 spinous process (central spot in the
topographic map) showed the most response. In this study,
when we stimulated the same hotspot, the Max muscle spot
showed difference. For all participants’ map data, the distance
from the Max muscle spot to the target muscle spot (3 cm
lateral to the L3 spinous process) was not even close to
zero. It might due to the characteristics of instability for
TMS-evoked MEPs or the inaccurate hotspot in previous stud-
ies. It will be investigated in the future. Secondly, the TMS-
related activity of cortical area is missing. It will help to
explore the role of the cortex in the corticospinal projection
to trunk muscles. The TMS-evoked Electroencephalography
(EEG) will be collected synchronously in the future. Thirdly,
further investigations of the proposed method in this study will
be carried on the patients with muscular disorders to verify its
clinical effectiveness.

V. CONCLUSION

In summary of this study, by using high-density sEMG
electrodes, we collected the MEPs from lumber paravertebral
muscles and constructed the MEP topographic map. With
this map, the proportion of lumbar paravertebral muscles
affected by TMS showed relation with the TMS intensity and
forward-bending angle. Among the TMS parameters (TMS
intensity: 60%, 80%, 100% of MSO; Forward-bending angle:
0 degree, 30 degree, 60 degree), the optimal stimulation para-
meters were 80% of MSO for TMS intensity and 30/60 degree
for forward-bending angle. This study may provide a potential
effective mapping tool to explore the hotspot for transcranial
stimulation on lumbar paravertebral muscles.
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