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Abstract

Cervical transcutaneous spinal cord stimulation (tSCS) efficacy for rehabilitation of upper-limb motor function was suggested to
depend on recruitment of Ia afferents. However, selectivity and excitability of motor activation with different electrode configura-
tions remain unclear. In this study, activation of upper-limb motor pools was examined with different cathode and anode configu-
rations during cervical tSCS in 10 able-bodied individuals. Muscle responses were measured from six upper-limb muscles
simultaneously. First, postactivation depression was confirmed with tSCS paired pulses (50-ms interval) for each cathode configu-
ration (C6, C7, and T1 vertebral levels), with anode on the anterior neck. Selectivity and excitability of activation of the upper-
limb motor pools were examined by comparing the recruitment curves (10–100mA) of first evoked responses across muscles
and cathode configurations. Our results showed that hand muscles were preferentially activated when the cathode was placed
over T1 compared with the other vertebral levels, whereas there was no selectivity for proximal arm muscles. Furthermore,
higher stimulation intensities were required to activate distal hand muscles than proximal arm muscles, suggesting different
excitability thresholds between muscles. In a separate protocol, responses were compared between anode configurations (ante-
rior neck, shoulders, iliac crests, and back), with one selected cathode configuration. The level of discomfort was also assessed.
Largest muscle responses were elicited with the anode configuration over the anterior neck, whereas there were no differences
in the discomfort. Our results therefore inform methodological considerations for electrode configuration to help optimize recruit-
ment of Ia afferents during cervical tSCS.

NEW & NOTEWORTHY We examined selectivity and excitability of motor activation in multiple upper-limb muscles during cervi-
cal transcutaneous spinal cord stimulation with different cathode and anode configurations. Hand muscles were more activated
when the cathode was configured over the T1 vertebra compared with C6 and C7 locations. Higher stimulation intensities were
required to activate distal hand muscles than proximal arm muscles. Finally, configuration of anode over anterior neck elicited
larger responses compared with other configurations.
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INTRODUCTION

Epidural stimulation of cervical spinal cord has been
used to restore upper-limb movements after spinal cord
injury (SCI) (1). Similarly, noninvasive cervical transcuta-
neous spinal cord stimulation (tSCS) has recently gained
considerable interest in rehabilitation of upper-limb
motor function after SCI (2–5). Although both approaches
may activate common neural structures within the spinal
cord (6), the extent of selectivity of activation of upper-
limb muscles using different cathode and anode configu-
rations with tSCS remains unclear.

Electrical impulses reaching the spinal cord using either
surface or implanted electrodes can activate monosynaptic
and oligosynaptic connections between sensory afferents
and a-motoneurons (6–8). Such transsynaptic activation of
muscles may compensate for the scarce, or even absent, pro-
prioceptive information during motor tasks in individuals
with SCI (4, 9, 10). Specifically, excitation of Iamonosynaptic
pathways was suggested to be critical for strengthening de-
scending commands through the spinal lesioned site to cau-
dal levels and may promote reorganization of neural motor
pathways (9, 11–13). Paired pulses delivered using tSCS with
short interstimulus intervals (e.g., 50ms) can be used to test
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the excitation of Ia monosynaptic pathways by confirming
suppression of the second evoked response in relation to the
first (14, 15). Although other sensory fibers and interneurons
may also be excited, it was previously suggested that sup-
pression may primarily be attributed to postactivation
depression (16). Such mechanism can be used to confirm the
reflex nature of these evoked responses (6, 14).

Selectivity of the electrical stimulation to specific spinal
regions and excitability to recruitment of motor pools were
suggested to be important for enhancing rehabilitation
effects after SCI (9, 10, 17). It has recently been demonstrated
that continuous cervical tSCS may selectively yield inde-
pendent and coordinated movements in proximal and distal
upper-limb joints (18). In addition, cervical tSCS was shown
to elicit postactivation depression in the spinally evoked
motor responses with both intact (14, 19) and SCI (20) indi-
viduals. Various cervical tSCS configurations have been used
for targeting upper-limb muscles. Cathode electrodes were
typically configured medially over the C3-T4 vertebral
regions on the posterior side of the neck (4, 5, 14, 20),
whereas the upper-limb motor pools were suggested to be
arranged rostral to T1 vertebra (21–23). Anode electrodes
were placed over the anterior neck (14, 20), clavicles (24, 25),
iliac crests (2–5), or the back (26, 27). However, since these
studies applied cervical tSCS for different proposes (e.g., SCI
rehabilitation or for assessment of motor responses), as well
as with different stimulation paradigms (e.g., trains of pulses
or single pulses), direct comparison between electrode con-
figurations is not possible. Furthermore, selectivity and
excitability of electrode configurations on the transsynaptic
activation of the upper-limb muscles have not been exam-
ined. Better understanding of the evoked responses can
inform methodological considerations to help optimize
recruitment of Ia afferents.

In the present study, we therefore assessed spinally
evoked muscle responses in multiple upper-limb muscles
with cervical tSCS delivered using different cathode and an-
ode electrode configurations. First, postactivation depres-
sion in the evoked responses was confirmed in all analyzed
muscles for the cathode electrode placed over C6, C7, and T1
vertebral levels, whereas the anode was fixed over the ante-
rior neck. The selectivity of spinal regions and excitability to
the recruitment of motoneurons during cervical tSCS were
then compared between the three cathode configurations
using recruitment curves (study 1). Specifically, in this study,
selectivity is referred to as activation ofmotor pools in differ-
ent spinal regions using different cathode locations (C6, C7,
and T1), and excitability as the susceptibility to which moto-
neurons are recruited during cervical tSCS. In a separate pro-
tocol (study 2), four anode configurations were compared by
varying the anodes over the anterior neck (14, 20), distal end
of clavicles (24, 25), iliac crests (2–5), or the back (26, 27).

Based on theoretical mechanisms underlying motor
activation during tSCS and previous experimental studies,
we hypothesized that postactivation depression would be
observed in all muscles for all cathode configurations.
Moreover, based on the anatomy and myotome maps of
the cervical spinal cord (22, 23), we further hypothesized
that tSCS would preferentially evoke responses in proxi-
mal arm muscles with cathode configured more rostrally
over the C6 level, and distal hand muscles with cathodes

more caudally, over T1 level. Specifically, considering the
organization of hand muscles motor pools in more caudal
spinal levels compared with the arm muscles (23), the use
of relatively large cathode electrodes placed over the C6
vertebra (overlapping C6 and C7 spinal levels) and T1 ver-
tebra (overlapping C8 and T1 spinal levels) was therefore
expected to yield different levels of activation of distal and
proximal upper-limb muscles. Moreover, placing the cath-
ode electrode over C7 vertebra (overlapping C7 and C8 spi-
nal levels) would serve as an intermediate level for
confirming the selectivity of distal and proximal muscles
when the cathode is varied to rostral (C6) and caudal (T1)
levels. This would be analogous to what has been demon-
strated with lumbar tSCS in the lower-limb muscles (15,
28–30). We further hypothesized that greater recruitment
of upper-limb muscles would be yielded by configuring
the anode over the anterior neck (14, 20) due to the prox-
imity to the cathode, which may maximize the electric
field flow across the spinal cord.

METHODS

Participants

Ten able-bodied male individuals were recruited for this
study. The age, weight, and height of the participants were
25.8± 2.6 yr, 68.8 ±8.3kg, and 173.4±5.1 cm (means ± SD),
respectively. All participants were right-handed in accord-
ance with the Edinburgh Handedness Inventory (scores
across participants were between 0.55 and 1, where 1 indi-
cates completely right-handed and �1 indicates completely
left-handed) (31). None of the participants had a history of
neurological and/or musculoskeletal impairments. All par-
ticipants gave written informed consent in accordance with
the Declaration of Helsinki before participating in the study.
The experimental procedures were approved by the local
institutional ethics committee of the Graduate School of Arts
and Science at The University of Tokyo.

Data Acquisition

Electromyographic (EMG) signals were recorded using Ag/
AgCl surface electrodes (Vitrode F-150S, Nihon Kohden,
Tokyo, Japan) simultaneously from upper-limb muscles on
the right (dominant) hand, since handedness and hand domi-
nancemay affect motor responses (32–34). Electromyographic
signals from six muscles innervated by cervical spinal levels
were recorded on: 1) biceps brachii (BB), innervated by C5-C6
spinal levels; 2) triceps brachii (TB), innervated by C6-T1 spinal
levels; 3) flexor carpi radialis (FCR), innervated by C6-C7 spinal
levels; 4) extensor carpi radialis (ECR), innervated by C5-T1
spinal levels; 5) first dorsal interosseous (FDI), innervated by
C5-T1 spinal levels; and 6) abductor pollicis brevis (APB), in-
nervated by C5-T1 spinal levels (14, 23). Specifically, two elec-
trodes were placed over the belly of each muscle with an
interelectrode distance of �20 mm, whereas the ground elec-
trode was placed around the lateral epicondyle (14). Prior to
application of electrodes, the skin was cleaned using alcohol
to reduce skin impedance.

All EMG signals were amplified (�1,000) using a bipolar
configuration and band-pass filtered between 5 and 1,000Hz
using a multichannel EMG amplifier (MEG-6108, Nihon
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Kohden, Tokyo, Japan). Moreover, the EMG signals were digi-
tized at a sampling frequency of 4,000Hz using an analog-to-
digital converter (Powerlab/16SP, ADInstruments, Castle Hill,
Australia) and stored on the computer for postprocessing.

Experimental Protocol

During the experiment, participants remained at rest in
the supine position with both arms resting on the bed along
the body (Fig. 1A). A small pillow was placed under the neck
to ensure that the head was rested comfortably and that tSCS
electrodes remained fixed. The tSCS stimuli were applied by
delivering two monophasic pulses with an interstimuli inter-
val of 50 ms of equal pulse amplitudes and 2 ms pulse width
(14) using a constant current electrical stimulator (DS7A,
Digitimer, Welwyn Garden City, UK). The two evoked
responses elicited by the stimuli were recorded at each mus-
cle simultaneously. For each participant, the experimental
protocol of study 2 was conducted following study 1 in a sin-
gle experimental session, whereas at least 10-min rest was
given between experiments.

Cathode electrode configurations (study 1).
Study 1 was conducted to confirm postactivation of evoked
responses in multiple upper-limb muscles with different
cathode electrode configurations, and to further investigate
the selectivity to spinal regions and excitability of recruit-
ment of motoneurons during cervical tSCS. Three configura-
tions were compared by positioning the cathode electrode
(5 � 5 cm) on the skin surface of the posterior side of the
neck centered over the spinous process of: 1) C6; 2) C7; and 3)
T1 vertebrae, while the anode electrode (7.5 � 10 cm; hori-
zontally positioned) remained fixed along the midline on the
anterior side of the neck (Fig. 1A), consistent to Milosevic et
al. (14). Specifically, stimulating pulses were applied (see
Experimental Protocol) and the stimulating current ampli-
tude was varied from 10 to 100mA, in 10mA increments (29,
35). Large size electrodes were used to alleviate the pain felt

by the participants during the stimulation. Nonetheless, the
maximal current amplitude stimulated in two participants
was below 100mA (90mA and 80mA) due to discomfort
during stimulation. For all participants, three responses (36)
were recorded for each stimulation amplitude with intervals
of 10–15 s to obtain the recruitment curves as depicted in the
Fig. 2 for each muscle (BB, TB, FCR, ECR, FDI, and APB) and
each cathode configuration (C6, C7, and T1), analogous to a
previous study examining lower-limb muscles (30). The
order of cathode configurations (C6, C7, and T1) was random-
ized between participants, and a break of at least 3 min was
administered between conditions.

Anode electrode configurations (study 2).
After completion of the study 1 experimental protocol, a cath-
ode location (C6, C7, or T1) and stimulation amplitude were
chosen for each subject to be used in the subsequent experi-
ments of study 2. The experimenter identified the cathode loca-
tion and stimulation intensity, which could yield a suppression
of the second responses in relation to the first (i.e., postactiva-
tion depression) simultaneously in all muscles by visual inspec-
tion of the data recorded during study 1. Specifically, the
location and stimulation amplitude were chosen to be on the
ascending part of the recruitment curve, when the second
response had a smaller peak-to-peak amplitude than the first
response simultaneously for all six muscles, as previously
described by Milosevic et al. (14). The chosen cathode location
and stimulus amplitude were then used for experiments in
study 2 (cathode location C6: n = 0, C7: n = 2, T1: n = 8; current
amplitude means ± SD: 65.0 ± 10.8 mA). These locations are
similar to those used previously when the anode was config-
ured over the neck (14), shoulders (24), iliac crests (5), and the
back (26). The choice of the cathode location and stimulus am-
plitude was confirmed in postprocessing [see RESULTS: Anode
Electrode Configurations (study 2)].

Study 2was conducted to investigate postactivation depres-
sion in different anode electrode configurations elicited in

Figure 1. Illustration of the experimental setups of study 1 (A) and study 2 (B). The upper image of A illustrates the cervical tSCS applied with anode
placed over the anterior neck, whereas the EMG signals were recorded from biceps brachii (BB), triceps brachii (TB), flexor carpi radialis (FCR), extensor
carpi radialis (ECR), first dorsal interosseous and abductor pollicis brevis (APB), while the ground electrode (GND) was fixed around the elbow. In the bot-
tom image of A, the configuration of the cathode electrode over C6, C7, and T1 vertebral levels are shown. In B, the Neck, Shoulders, Iliac Crests, and
Back configurations of anodes are illustrated.
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multiple upper-limb muscles. Two monophasic pulses were
applied (see Experimental Protocol) at the chosen cathode
location and stimulus amplitude to compare the four different
anode configurations illustrated in Fig. 1B: 1) one anode elec-
trode (7.5 � 10cm) located on the midline of the anterior side
of the neck (Neck) (14, 20); 2) two anode electrodes (5 � 5cm)
located bilaterally over the distal end of the clavicles
(Shoulders) (24, 25); 3) two anode electrodes (5� 5cm) located
bilaterally over the iliac crests (Iliac Crests) (2–5); and 4) one
anode electrode (5 � 5cm) located �4 cm below the cathode
electrode on the posterior side of the neck (Back) (26, 27).
Three responses (36) for each anode configuration were
recorded with intervals of 10–15 s. The order of conditions
(Neck, Shoulders, Iliac Crests, and Back) was randomized
between participants and a break of at least 3 min was admin-
istered between conditions.

A numeric rating scale (NRS) was used to evaluate self-
reported pain from 0 to 10, where 0 corresponds to “no pain”
and 10 corresponds the “worst pain imaginable” (37). The pain
level was evaluated by showing participants a visual analog
scale and asking them to rate the pain experienced during

stimulation delivered with each anode configuration immedi-
ately after each protocol (Neck, Shoulder, Iliac Crest, and Back).

Data Analysis

In postprocessing, which was performed using a custom
written MATLAB script (MathWorks, Natick, MA), the peak-
to-peak amplitudes were measured from the first and second
evoked responses to the pair of pulses of each muscle. The
peak-to-peak amplitude of the first and second responses
within three pairs of pulses delivered for each stimulus am-
plitude was averaged (36). The averaged values were then
used to analyze the activation of upper-limb muscles for dif-
ferent cathode (study 1) and anode (study 2) electrode
configurations.

Cathode electrode configuration.
Postactivation depression. To evaluate tSCS postactivation
depression in the second responses compared with the
first (14, 15, 38, 39) for different cathode locations (C6, C7,
and T1) using data obtained in study 1, the following pa-
rameters were analyzed (Fig. 2): 1) peak-to-peak ampli-
tudes of the first and second responses at their maximum
difference were compared across cathode configurations
for each muscle individually; 2) maximum normalized dif-
ference of the second peak-to-peak evoked response com-
pared with the first response (DMAX), which was calculated as
DMAX ¼ maxððF½X� � S½X�Þ=F½X�Þ, where F[X] and S[X] corre-
spond to the first and second experimentally obtained
responses at X = 10, . . ., 100 mA; and 3) stimulus intensity at
the maximum postactivation depression (XD), which was the
stimulating current intensity at DMAX. These variables,
which represent the maximal normalized postactivation
depression on the recruitment curve (DMAX) and the corre-
sponding stimulus intensity of the maximal postactivation
depression (XD), were compared between muscles and cath-
ode configurations.

Recruitment curves. In study 1, for each cathode configura-
tion (C6, C7, and T1 levels, whereas the anode was fixed on
the anterior side of the neck), the average peak-to-peak
amplitudes obtained for each stimulation intensity (10 to
100mA, in 10mA increments) were used to obtain the
recruitment curve of the first responses for each muscle (BB,
TB, FCR, ECR, FDI, and APB) for each participant.
Specifically, data for each recruitment curve were first nor-
malized to the maximum value elicited between the three
cathodes configurations. The signal-to-noise ratio of these
responses were compared between muscles, and the results
showed no statistically significant differences [F(5,45) = 1.81,
P = 0.130]. Normalized responses were then fitted using a
Boltzmann sigmoidal function (12, 40, 41):

RCðxÞ ¼ PL

1 þ e
ðX50� xÞ

K

where the recruitment curve, RC, is a function of the stimu-
lus intensity, x, whereas parameter PL is the function’s maxi-
mum value (plateau), X50 is the stimulus intensity at 50% of
the plateau value, and K is a slope parameter. For sigmoid
fits that yielded the plateau value greater than 2 (i.e., fits that
extrapolated features not implicitly represented by the ex-
perimental data), data were re-fitted by defining X50 = 100

Figure 2. Boltzmann sigmoid function fitted to the recruitment curve (black
line) of the peak-to-peak amplitude of the first responses (dark green
circles) of a representative muscle evoked using cervical tSCS stimulating
currents from 10mA to 100mA (increments of 10mA) with the cathode
electrode placed over the C7 vertebral level. The parameters extracted
from the sigmoid fit: slope (SL), plateau (PL), stimulus intensity at 50% of
the plateau (X50), and threshold stimulus intensity (XTH) are indicated.
Additionally, the second evoked responses (light green circles) are shown.
Using the peak-to-peak amplitude of the first and second responses, the
maximal normalized suppression (DMAX) and the current intensity where
the maximal suppression occurred (XD) are indicated. For each stimulation
intensity, each a pair of data points consists of average peak-to-peak val-
ues of three pairs of stimulation pulses (50-ms interstimuli interval).
Comparisons were performed between different upper-limb muscles (BB,
TB, FCR, ECR, FDI, and APB) and different cathode locations (C6, C7, and
T1). APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi
radialis; FCR, flexor carpi radialis; FDI, first dorsal interosseous; TB, triceps
brachii.
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mA as the initial condition for the fitting (23 out of 180
cases). If the sigmoid functions plateau still remained greater
than 2 after re-fitting, the data were discarded from the anal-
ysis (4 out of 180 cases) as it was deemed that the fit could
not represent the data. Moreover, it was verified that the
coefficient of determination (R2) was greater than 0.9 for
each sigmoid fit (mean ± SD: 0.99±0.01) (40, 42, 43). After
the recruitment curve functions were obtained, four parame-
ters were extracted from each fit, as shown in Fig. 2: 1)
threshold stimulus intensity to motor activation (XTH), indi-
cating the excitability to the initial recruitment of motoneur-
ons; 2) maximum slope (SL), indicating the excitability to the
recruitment of motoneurons with the increase of stimulation
current amplitude; 3) stimulus intensity at 50% of the pla-
teau (X50), serving as a comparative index between the excit-
ability to the initial recruitment of motoneurons (XTH) and
the increase of current amplitude (SL); and 4) plateau (PL),
indicating the total motor output. The parameters PL and
X50 were obtained from the output of the fitting algorithm,
SL was calculated as PL/4K, and XTH was obtained from the
line equation defined by X50, PL/2, and SL, as described pre-
viously (12, 40–42).The selectivity of activation of different
upper-limb muscles was compared between cathode config-
urations (C6, C7, and T1) through the excitability parameters
SL, X50, and XTH andmotor output parameter, PL.

Anode electrode configurations.
First, the postactivation depression in the second responses
elicited at the stimulus intensity and cathode location cho-
sen by the experimenter for each participant to be used in
study 2 [see Experimental Protocol: Anode electrode configu-
rations (study 2)] was confirmed in using data recorded in
study 1. Since postprocessing confirmed correct selection of
stimulus intensity and cathode location parameters [(see
RESULTS: Anode electrode configurations (study 2)], the peak-
to-peak amplitudes of the first and second responses elicited
with different anode configurations (Neck, Shoulders, Iliac
Crests, and Back) were compared with evaluate effects of dif-
ferent anode configurations on the transsynaptic activation
of eachmuscle in study 2.

Statistics

First, for each muscle separately, a within-subjects design
two-way ANOVA was used to compare the peak-to-peak
amplitudes of the first and second responses at maximum
suppression (postactivation depression: first and second
response) between cathode configurations (cathode: C6, C7,
and T1). In addition, to compare postactivation depression,
DMAX and XD were also analyzed using a within-subjects
design two-way ANOVA to compare responses between
muscles (muscle: BB, TB, FCR, ECR, FDI, and APB) and differ-
ent cathode locations (cathode: C6, C7, and T1). The selectivity
of activation of upper-limb muscle motor pools with different
cathode configurations was analyzed by comparing excitabil-
ity parameters SL, X50, and XTH and motor output parameter,
PL, using a within-subjects design two-way ANOVA between
cathode locations (cathode: C6, C7, and T1) across different
muscles (muscle: BB, TB, FCR, ECR, FDI, and APB).

The postactivation depression in the second responses eli-
cited with stimulus intensity and cathode configurations

used for each participant in study 2 [Experimental Protocol:
Anode electrode configurations (study 2)] was analyzed using
a t test to compare the first and second response amplitudes
for each muscle separately. In study 2, a within-subject
design two-way ANOVA was used to compare different an-
ode configurations (anode: Neck, Shoulder, Iliac Crests, and
Back) and suppression of the second response compared
with the first (postactivation depression: first and second
response) for eachmuscle separately.

When significant interactions were found on the two-way
ANOVA, a within-subject design one-way ANOVA (or a t
test) was performed for each factor separately. Post hoc mul-
tiple comparisons were conducted when significant ANOVA
results were found and adjusted using the Bonferroni correc-
tion factor. Greenhouse–Geisser correction was used when
the sphericity assumption was violated, which was con-
firmed using the Mauchly’s test. Normality of data distrib-
uted was tested using the Shapiro–Wilk’s test before
performing the analysis. Although most of the data were
found to be normally distributed, the results of non-nor-
mally distributed data were confirmed using the non-para-
metric equivalent Friedman’s test and Wilcoxon test.
Furthermore, the NRS scores for different anode configura-
tions were compared using Friedman’s test, since it is an or-
dinal variable. All statistical tests were performed using SPSS
(IBM, Armonk, NY) with a significance level of a = 0.05.

RESULTS

Cathode Electrode Configurations (study 1)

Averaged evoked responses of a representative participant
in study 1 for different cathode configurations (C6, C7, and
T1) across stimulus intensities varying from 10 to 100mA are
shown in Fig. 3. For this representative participant, postacti-
vation depression can be seen in most muscles. Distal hand
muscles (FDI and APB) were preferentially activated when
the cathode was placed over T1 compared with C6 and C7
vertebral levels, while that was not true for the proximal arm
muscles (BB, TB, FCR, and ECR). Moreover, higher stimula-
tion intensities were required to elicit responses in distal
muscles (FDI and APB) compared with proximal muscles
(BB, TB, FCR, and ECR).

Postactivation depression. Results obtained from the com-
parison of the maximum peak-to-peak amplitude difference
between the second and first responses (postactivation
depression: first vs. second responses) with three cathode
configurations (cathode: C6, C7, and T1) for each muscle are
summarized in Fig. 4, whereas Table 1 shows themain statis-
tical results. For BB, TB, FCR, and ECR, two-way ANOVA
showed no significant interactions and statistically signifi-
cant main effect for postactivation depression, but not for
cathode comparisons. For FDI and APB, since interactions
were shown, follow-up analyses with one-way ANOVA or t
tests indicate statistically significant postactivation depres-
sion for all cathode configurations; moreover, cathode com-
parisons showed that the first and second responses were
different for the APB muscle only. In Fig. 4, post hoc multi-
ple comparisons further indicate differences in the first and
second responses between C6 and T1 for the APBmuscle.
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Results obtained from the analyses of the two parame-
ters examined for the maximum postactivation depres-
sion (DMAX and XD) are summarized in Fig. 5A, whereas
Table 2 summarizes the main statistical results. For both
DMAX and XD, the two-way ANOVA showed no significant
interactions and statistically significant main effects for
muscle, but not for cathode comparisons. In Fig. 5A, post
hoc multiple comparisons between muscles indicated dif-
ferences between BB and TB for DMAX (NOTE: despite sta-
tistical significance in the two-way ANOVA for XD, post
hoc analyses with Bonferroni correction did not show sig-
nificant differences).

Recruitment curves. Results obtained from the analyses
of the four parameters extracted from the sigmoid fits of

the recruitment curves: SL, PL, XTH, and X50 are summar-
ized in Fig. 5B, whereas Table 2 summarizes the main sta-
tistical results. For SL, PL, XTH, and X50, since interactions
were shown, follow-up analyses with one-way ANOVA
indicate mostly significant differences between cathodes
for the FDI and APB muscles; moreover, muscle compari-
sons showed mostly significant differences for XTH and
X50. In Fig. 5B, post hoc multiple comparisons showed sig-
nificant differences between cathodes configurations indi-
cating that distal hand muscles (FDI and APB) were
preferentially activated when the cathode was placed over
T1 compared with C6 and C7 vertebral levels (c.f. PL in Fig.
5B), whereas this was not true for the proximal arm
muscles (BB, TB, FCR, and ECR) (NOTE: despite statistical

Figure 3. Representative participant aver-
aged responses evoked in the six muscles
(BB, TB, FCR, ECR, FDI, and APB) using
cervical tSCS with the anode was placed
over the anterior neck and the cathode
placed over C6, C7, and T1 vertebral lev-
els. Three responses elicited with stimula-
tions delivered as two monophasic pulses
(50-ms interstimuli interval) were aver-
aged for each stimulation amplitude (from
10mA to 100mA, in increments of 10mA)
and cathode configuration. The first and
second averaged responses elicited with
the cathode placed over C6, C7, and T1
are shown for each muscle. Each trace
corresponds to the averaged EMG time
series with amplitudes varying from 10mA
(bottom) to 100mA (top), where the darker
shade color indicates the first elicited
response and the lighter shade color the
second response. The shaded areas in
the corresponding colors indicate the
standard deviation of the three responses.
The dotted lines indicate the instant at
which the first and second stimuli were
delivered. APB, abductor pollicis brevis;
BB, biceps brachii; ECR, extensor carpi
radialis; FCR, flexor carpi radialis; FDI, first
dorsal interosseous; TB, triceps brachii.
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significance in the one-way ANOVA for PL and XTH across
muscles, and for XTH and X50 across different cathodes con-
figurations, post hoc analyses with Bonferroni correction did
not show significant differences).

Anode Electrode Configurations (study 2)

Suppression of the second responses compared with the
first elicited using the cathode configurations and stimulus

Figure 4. The mean values of the responses at the maximal suppression point are indicated with blue triangles, green circles, and red diamonds for C6, C7,
and T1, respectively. Shown are the corresponding standard error vertical bars. The sample size of each data sets is n= 10 participants. The dark shades repre-
sent the first responses, and the light shades represent the second responses. Significant differences between cathode configurations are indicated with black
and gray bars for the first and second responses, respectively. Significant differences between the first and second responses are indicated with vertical black
bars. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR, flexor carpi radialis; FDI, first dorsal interosseous; TB, triceps brachii.

Table 1. Statistical analyses results showing within-subject two-way ANOVA interactions and main effect results for
postactivation depression (first and second responses) and cathode configurations (C6, C7, and T1) comparisons of
the responses evoked in each muscle (BB, TB, FCR, ECR, FDI, and APB) separately

Interaction

Postactivation depression Cathode

C6 C7 T1 First Second

BB F(2,18) = 0.1
P = 0.872

F(1,9) = 35.1
P < 0.001

F(2,18) = 0.2
P = 0.799

TB F (2,18) = 0.7
P = 0.526

F(1,9) = 13.2
P = 0.005

F(2,18) = 0.8
P = 0.454

FCR F(2,18) = 0.5
P = 0.646

F(1,9) = 28.7
P < 0.001

F(2,18) = 2.5
P = 0.114

ECR F(1.2,10.9) = 0.3
P = 0.618

F(1,9) = 26.8
P < 0.001

F(2,18) = 1.6
P = 0.237

FDI F(2,18) = 5.4
P = 0.015

t(9) = 4.2
P = 0.002

t(9) = 5.2
P < 0.001

t(9) = 6.3
P < 0.001

F(2,18) = 2.9
P = 0.080

F(2,18) = 2.3
P = 0.128

APB F(1.2,10.6) = 8.8
P = 0.011

t(9) = 3.3
P = 0.009

t(9) = 4.4
P = 0.002

t(9) = 5.0
P < 0.001

F(2,18) = 9.3
P = 0.002

F(2,18) = 4.2
P = 0.031

When interaction was significant, the factors were compared separately with within subject one-way ANOVA or a t test. Greenhouse–
Geisser correction was used when the sphericity assumption was violated. The P values in bold indicate significant differences for a sig-
nificance level of a = 0.05. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR, flexor carpi radialis; FDI,
first dorsal interosseous; TB, triceps brachii.
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intensity that were chosen for each participant to be used in
study 2 [see Experimental Protocol: Anode electrode configu-
rations (study 2)] were confirmed using t tests for each mus-
cle [BB: t(9) = 4.8, P < 0.001; TB: t(9) = 3.7, P = 0.005; FCR: t
(9) = 3.9, P = 0.004; ECR: t(9) = 3.6, P = 0.005; FDI: t(9) = 3.4,
P = 0.008; APB: t(9) = 2.8, P = 0.019].

Averaged first and second evoked responses of a represen-
tative participant in study 2 for different anode configurations
(Neck, Shoulder, Iliac Crest, and Back) are shown in Fig. 6. For
this representative participant, the largest responses were
recorded with the Neck anode in all muscles, except TB,
whereas the smallest responses were recorded with the Back
anode.

Results obtained from the comparison of the peak-to-peak
amplitude of the second response compared with the first
(postactivation depression) with three anode configurations
(Neck, Shoulder, Iliac Crest, and Back) elicited with the stim-
ulation intensity chosen by the experimenter for each mus-
cle are summarized in Fig. 7, whereas Table 3 summarizes
the main statistical results. For FCR, the two-way ANOVA

showed no significant interactions and statistically significant
main effects for anode, but not for postactivation depression
comparisons. For BB, TB, ECR, FDI, and APB, since interac-
tions were shown, follow-up analyses with one-way ANOVA
or t tests indicate statistically significant postactivation
depression mostly for the Neck anode configuration; more-
over, anode comparisons showed that the first and second
responses were different for most muscles. In Fig. 7, post hoc
multiple comparisons further indicated mostly differences
between the Neck first and second responses elicited with
those of the Iliac Crest and Back anode configuration in all
muscles except for FDI (NOTE: despite statistical significance
between anode factor in the one-way ANOVA for first
responses from FDI and second responses from BB, post hoc
analyses with Bonferroni correction did not show significant
differences; significant effects for postactivation factor at APB
obtained for the Shoulder and Back anode configurations
were not confirmed using nonparametric tests).

The NRS self-reported discomfort scores across partici-
pant for different anode configurations were Neck: 3.5 ± 1.6,

Figure 5. A: postactivation depression (study 1): parameters computed from the difference between the peak-to-peak values of the first and second
responses (XD and DMAX) compared for the six muscles (BB, TB, FCR, ECR, FDI, and APB) and the three cathodes configurations (C6, C7, and T1). The
sample sizes of the parameters XD and DMAX are n = 10 participants. B: cathode configuration (study 1): parameters obtained from the fits of the recruit-
ment curves of the first responses (SL, PL, X50, and XTH) compared for six muscles and three cathode configurations. The sample sizes of the parameters
SL, PL, X50, and XTH are n = 9 participants. The mean values of each variable are indicated with blue triangles, green circles, and red diamonds for C6,
C7, and T1, respectively. Shown are the corresponding standard error vertical bars. Significant differences between muscles are indicated with blue,
green, and red horizontal bars representing C6, C7, and T1 cathode configurations, respectively. Significant differences between cathodes configura-
tions are indicated with vertical black bars. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR, flexor carpi radialis; FDI,
first dorsal interosseous; TB, triceps brachii.
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Shoulders: 3.5 ± 1.5, Iliac Crests: 3.2 ± 1.5, Back: 3.7 ± 1.9
(mean ± SD). Note that all participants reported a discomfort
score of zero at the start of the study. Friedman’s test showed
no significant differences in the scores for different anode
configurations [v2 (3, 10) =1.8, P = 0.606].

DISCUSSION

In this study, we showed postactivation depression in
multiple muscles with all three cathode configurations (C6,
C7, and T1). Moreover, we demonstrated that distal (FDI and
APB) and proximal (BB, TB, FCR, and ECR) upper-limb
muscles had different activation excitability elicited by tSCS
with different cathode configurations. Specifically, distal
hand muscles were preferentially activated with the cathode
configured over the T1 vertebra compared with C6 and C7
configurations, whereas there was no selectivity for proximal
armmuscles. Activation of distal handmuscles also required
higher stimulation intensities compared with proximal arm
muscles. Furthermore, larger responses were elicited with
the Neck anode than other anode configurations (Iliac
Crests, Shoulders, and Back), whereas the levels of discom-
fort were similar. Although postactivation depression in the
elicited responses was achieved with anode configurations
inmultiple muscles, the Neck configuration may elicit trans-
synaptic and direct motor activation during cervical tSCS
with less current amplitude.

Postactivation Depression in the Spinally Evoked Motor
Responses during Cervical tSCS

Transcutaneous spinal cord stimulation can elicit motor
responses in muscles through activation of motoneurons via
monosynaptic and oligosynaptic pathways with sensory
fibers or interneurons and/or through direct excitation of
motor axons in the ventral roots of the spinal cord (6, 15, 38).
Primarily, the contribution of monosynaptic Ia excitation to
the recruitment of a-motoneurons has been suggested when
assessed using paired stimuli by examining the magnitude
of suppression of the conditioned (second) evoked response

in relation to the unconditioned (first) response (6, 14, 15,
44). In the current study, paired stimuli delivered with 50-
ms interstimuli interval and the anode configured over the
anterior neck (study 1) produced postactivation depression
in all muscles regardless of the cathode configuration (C6,
C7, and T1), as previously described (14, 15, 44). Although not
statistically significant, suppression of the second responses
was also possible when anode configurations other than the
anterior neck (Iliac Crests, Shoulders, and Back) were
employed with equivalent stimulation intensities (study 2; c.
f. Fig. 7). These results confirm the predominant reflex ori-
gins of the spinally evoked motor responses at multiple cer-
vical spinal segments using various electrode configurations,
which suggests that monosynaptic pathways were activated
(14, 15, 44). Overall, regardless of the cathode configuration
(C6, C7, or T1), postactivation depression in multiple upper-
limbmuscles may be elicited.

The stimulation intensity (XD), which yielded themaximal
postactivation depression, was not different between the
muscles and cathode configurations examined in this study
(c.f., XD in Fig. 5A). This suggests that maximal postactiva-
tion depression can be elicited simultaneously in multiple
upper-limb muscles using the same stimulus intensity (c.f.,
Fig. 5A), as previously suggested (14, 45). Nonetheless, our
results also showed that maximal postactivation depression
amount (DMAX) was significantly greater in the elbow exten-
sors (TB) compared with elbow flexors (BB) (c.f., DMAX in Fig.
5A). Since the amount of reciprocal inhibition between BB
and TB to their motor pools was shown to be similar (46),
heteronymous projections from other joint muscles (i.e.,
trans-joint projections) may have contributed to greater inhi-
bition of the TB motor pool. In fact, the strength of projec-
tions of Ia fibers from wrist extensor (ECR) and flexor (FCR)
muscles onto triceps (TB) motoneurons may have yielded
more inhibitory contributions to the recruitment of elbow
extensors (47). Although it is possible that that transjoint
projections may interfere in the transsynaptic activation of
upper limbs during cervical tSCS, further studies are war-
ranted to confirm this.

Table 2. Statistical analyses results showing within subject two-way ANOVA interactions and main effect results for
cathode (C6, C7, and T1) and muscle (BB, TB, FCR, ECR, FDI, and APB) comparisons of postactivation depression
(DMAX and XD) and recruitment curve parameters (SL, PL, X50, and XTH)

Interaction

Cathode Muscle

Bb TB FCR ECR FDI APB C6 C7 T1

DMAX F(10,90) = 1.0
P = 0.453

F(2,18) = 2.2
P = 0.144

F(5,45) = 6.0
P < 0.001

XD F(3.0,26.9) = 0.8
P = 0.502

F(1.3,11.5) = 2.0
P = 0.183

F(3.0,27.1) = 3.8
P = 0.032

SL F(10,80) = 4.0
P < 0.001

F(1.2,10.9) = 0.4
P = 0.574

F(2,16) = 0.8
P = 0.478

F(1.2,11.2) = 1.8
P = 0.201

F(1.2,9.9) = 0.9
P = 0.381

F(2,16) = 13.3
P < 0.001

F(2,16) = 18.8
P < 0.001

F(1.8,14.6) = 3.0
P = 0.084

F(1.7,15.7) = 1.2
P = 0.314

F(5,40) = 6.2
P < 0.001

PL F(10,80) = 2.2
P = 0.025

F(2,18) = 4.4
P = 0.028

F(2,16) = 1.0
P = 0.387

F(2,18) = 1.5
P = 0.242

F(2,16) = 1.2
P = 0.321

F(2,16) = 8.4
P = 0.003

F(2,16) = 7.5
P = 0.005

F(5,40) = 2.9
P = 0.025

F (5, 45)=1.7
P = 0.158

F(2.5,19.8) = 1.1
P = 0.345

X50 F(10,80) = 1.9
P = 0.049

F(2,18) = 1.0
P = 0.385

F(2,16) = 1.2
P = 0.323

F(1.2,11.2) = 1.0
P = 0.339

F(2,16) = 1.2
P = 0.336

F(2,16) = 2.5
P = 0.109

F(2,16) = 5.1
P = 0.019

F(5,40) = 7.9
P < 0.001

F (5, 45) = 6.6
P < 0.001

F(5,40) = 3.3
P < 0.001

XTH F(10,80) = 2.0
P = 0.039

F(2,18) = 0.4
P = 0.666

F(2,16) = 0.9
P = 0.420

F(2,18) = 0.5
P = 0.618

F(2,16) = 1.8
P = 0.198

F(2,16) = 5.7
P = 0.013

F(2,16) = 2.4
P = 0.124

F(5,40) = 16.0
P < 0.001

F(2.7,24.4) = 12.4
P < 0.001

F(5,40) = 8.9
P < 0.001

When interaction was significant, the factors were compared separately with within-subject one-way ANOVA. Greenhouse–Geisser cor-
rection was used when the sphericity assumption was violated. The P values in bold indicate significant differences for a significance
level of a = 0.05. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR, flexor carpi radialis; FDI, first dorsal
interosseous; TB, triceps brachii.

SELECTIVITY AND EXCITABILITY OF CERVICAL SPINAL STIMULATION

754 J Appl Physiol � doi:10.1152/japplphysiol.00132.2021 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl (128.136.149.154) on May 24, 2023.

http://www.jap.org


Unlike the observed postactivation depression in the
lower-limb muscles (15, 39, 45), our results demonstrated
lack of complete abolishment of the second response even at
the maximal suppression point (i.e., Fig. 4, which shows
postactivation depression at XD), consistent to Milosevic et
al. (14) and Wu et al. (20). It is possible that upper-limb
responses during cervical tSCS were not fully suppressed
due to antidromic activation of motoneurons, which may
reduce the postactivation depression by cancelling synaptic
inputs (14). Although unconfirmed, this may also be attrib-
uted to shorter poststimulus recovery times of upper-limb
responses compared with the lower-limbs, as suggested by
Rossi–Durand et al. (48) for explaining the FCR and Soleus
H-reflexes responses using paired stimuli. Future investiga-
tions should therefore examine different interstimulus inter-
vals on the postactivation depression of the upper-limb
muscles using cervical tSCS.

Selectivity and Excitability of Transsynaptic Activation
across Different Cervical Vertebral Levels Using tSCS

The selectivity of activation of upper-limb muscles with dif-
ferent cathode locations (C6, C7, and T1) was analyzed through
the parameters obtained from the recruitment curves, which
estimate excitability attributes of muscle activations using cer-
vical tSCS. Specifically, the stimulus intensity threshold (XTH)

and the maximum slope (SL) can be interpreted as excitability
factors for the initial recruitment of motoneurons and the
increase of the recruitment with increased stimulation current
amplitude, respectively. Moreover, the stimulus intensity at
50% of the plateau (X50) can be interpreted as comparative
index between XTH and SL (40–42). Our results showed differ-
ences between distal hand muscles (FDI and APB) and proxi-
mal arm muscles (BB, TB, FCR, and ECR) for XTH, suggesting
more excitability to the initial recruitment of motoneurons
projecting to proximal arm muscles for all cathodes configura-
tions (c.f., smaller XTH in Fig. 5B). Moreover, selectivity to the
recruitment of the motoneurons projecting to hand muscles is
indicated by the greater values of the SL parameter for T1 cath-
ode configuration compared with C6 and C7 (c.f. SL in Fig. 5B).
Although not statistically significant, this selectivity is further
supported by a decrease of the values of XTH and X50 in hand
muscles (c.f., differences between proximal and distal muscles
for XTH and X50 in Fig. 5B). Finally, the recruitment curve pla-
teau (PL), which can be interpreted as an index of motor acti-
vation, was greater with the cathode electrode configured over
T1 compared with C6 in distal hand muscles (c.f., PL in Fig.
5B). These findings suggest selectivity of motor pool recruit-
ment of distal muscles with different cathode configurations,
which agrees with our hypothesis since distal muscles were
preferentially activated with the T1 (caudal) cathode electrode

Figure 6. Representative participant aver-
aged responses evoked in the six muscles
(BB, TB, FCR, ECR, FDI, and APB) using cer-
vical tSCS with four anode configurations
(Neck, Shoulders, Iliac Crests, and Back).
Three responses elicited with stimulations
delivered as two monophasic pulses (50-
ms interstimuli interval) were averaged for
each anode configuration with the cathode
location and stimulation amplitude chosen
specifically for each participant. Represen-
tative averaged responses were obtained
with the cathode placed over T1 and stimu-
lation intensity at 60mA. From left to right
are the responses elicited with the anode
placed the Neck, Shoulders, Iliac Crests,
and Back, and from top to bottom are the
averaged responses elicited for each mus-
cle. Each trace corresponds to the aver-
aged EMG time series, where the black
trace indicates the response elicited by the
first stimulus, and the gray trace by the sec-
ond. The shaded areas in the correspond-
ing colors indicate the standard deviation of
the three responses. The dotted lines indi-
cate the instant at which the first and sec-
ond stimuli were delivered. APB, abductor
pollicis brevis; BB, biceps brachii; ECR, ex-
tensor carpi radialis; FCR, flexor carpi radia-
lis; FDI, first dorsal interosseous; TB, triceps
brachii.
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placement compared with C6 (rostral) vertebral level place-
ment. The three cathode configurations used in this study
were chosen based on the more caudal organization of dorsal
roots and motor pools projecting distal compared with proxi-
mal muscles of human upper-limb (21, 23). Likewise, it is plau-
sible that electrode configurations other than those examined
herein (e.g., different sizes and locations) would be selective to
the activation of upper-limbmotor pools. Nonetheless, despite
the larger cathode electrodes (5 � 5cm) used in the present
study compared with previous studies, e.g., 2.5cm round elec-
trodes used by Gad et al. (4) and Inanici et al. (5), we showed
preferential activation of distal hand muscles (FDI and APB)
with the T1 cathode configuration. Possibly, configuration of
the cathodes more rostrally (e.g., over the C4 vertebra) could
preferentially activate proximal upper-limb muscles. Future
studies are therefore warranted to test different cathode sizes
and more rostral cathode configurations on the responses in
upper-limbs using cervical tSCS.

Facilitatory heteronymous projections of the Ia-afferents
from distal-to-proximal upper-limbmuscles motor pools (47,
49), which are absent from proximal-to-distal muscles in
humans (16, 50), may also have contributed to the differen-
ces in the activation excitability observed in proximal and
distal muscles (XTH). In other words, although the activation

of Ia-afferents from distal muscles may contribute to the
recruitment of motoneurons of proximal muscles, a mutual
relationmay not exist from proximal-to-distal muscles in the
upper-limbs. In addition, different distributions of moto-
neuron sizes in hand and arm muscles (51, 52) might have
preferentially activated proximal arm muscles through ei-
ther direct excitation of motor nerves (53), and/or excitation
of Ia-monosynaptic pathways (16, 54). Other oligosynaptic
pathways connecting group Ib, group II, and cutaneous
afferents may also add significant contributions to the motor
responses (55). Taken together, different selectivity and
excitability factors of recruitment during cervical tSCS may
have contributed to preferential activation of distal hand
muscles for the T1 cathode configuration, while this was not
true for proximalmuscles.

The results obtained in the present study inform methodo-
logical considerations for placement of the cathode electrode
during cervical tSCS to assess spinally evoked motor poten-
tials and/or for rehabilitation protocols using continuous
stimulation. For instance, tSCS delivered with the cathode
placed over the C6 vertebra [or possibly more rostrally as Gad
et al. (4) and Inanici et al. (5)] may be effective to transsynapti-
cally recruit proximal arm muscles, while caudal placement
over the T1 vertebrae may be effective for activating distal

Figure 7. Anodes configurations (study 2): the first and the second responses elicited with four anodes configurations (Neck, Shoulders, Iliac Crests, and
Back) were compared individually for each muscle. The mean of the first and second responses are indicated with black circles and gray triangles,
respectively. Shown are the corresponding standard error vertical bars. The sample size of each data sets is n = 10 participants. Significant differences
between anode configurations are indicated with black and gray bars for the first and second responses, respectively. Significant differences between
the first and second responses are indicated with vertical black bars. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR,
flexor carpi radialis; FDI, first dorsal interosseous; TB, triceps brachii.
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hand muscles (c.f., Fig. 3). Similarly, stimulation paradigms
involving both rostral and caudal cathode electrodes (2, 4, 5)
may produce selective activation of cervical spinal networks
with tSCS during specific movement tasks. Such preferential
activation of arm muscles motor pools may help strength
descending commands across spinal lesioned sites during
voluntary arm contractions, thus potentially enhancing neu-
roplasticity effects during rehabilitation (9, 11–13).

Anode Configurations May Optimize Transsynaptic
Activation of the Spinally Evoked Responses during
Cervical tSCS

The stimulating parameters for comparing anode configu-
rations were chosen to be on the ascending part of the
recruitment curve and to yield postactivation depression in
the second responses when the anode was placed on the an-
terior side of the neck. Therefore, responses elicited with
other anode configurations (Shoulders, Iliac Crests, and
Back) were compared relative to the neck configuration. As
summarized in Fig. 7, our results indicate that elicited
responses were largest when the anode was placed over the
anterior neck as well as that postactivation depression was
less prevalent when the anodes were not on the anterior
neck. Although the proximity between the anode and cath-
ode electrodes and the geometry comprising the cervical
body were similar between Shoulders and Neck configura-
tion, our results indicate greater transsynaptic activation
with the neck configuration compared with the Shoulders.
The larger responses yielded with the Neck configuration
may not only be due to the proximity between the cathode
and anode electrodes, but also a better convergence of the
electrical current across the dorsal roots. However, transsy-
naptic motor activation with other anodes configurations
cannot be ruled out and may be elicited using higher stimu-
lation intensities.

Discomfort during tSCS

In our study, the pain experienced during tSCS was not dif-
ferent between the four anode configurations. Participants

typically reported discomfort scores between 3 and 5, corre-
sponding to moderate levels of pain (37). Discomforts
included skin prickling under the stimulating electrodes and,
less commonly, contraction of the neck muscles. It is there-
fore expected that configuration of the anode electrode over
the neck can yield larger spinally evoked responses in the
upper-limb muscles (Fig. 7) with similar discomfort levels.
Taken together, our results suggest that anterior neck elec-
trode configuration may, at least within the chosen parame-
ters of our study, be more effective in eliciting transsynaptic
activation of upper-limb muscles. However, these findings
only extent to applications using single and double pulses (i.
e., electrophysiological testing), and further testing is required
to compare discomfort levels during rehabilitation applica-
tions using continuous stimulation.

There were no serious adverse events experienced during
the experiments, consistent with previous reports examining
cervical tSCS (20, 56). However, it should also be noted that
only monophasic double pulses were used with current
amplitudes up to 100mA in the current study.

Limitations

The maximal current intensity was not reached in two
participants due to the discomfort experienced, which may
have limited the data available for estimating the recruit-
ment curves. Although we used relatively large cathodes (5�
5cm) that might have helped alleviate some of the pain felt
during stimulation (57, 58), the size of these electrodes could
have caused less selectivity for targeting specific upper-limb
motor pools (Fig. 5B). Despite these limitations, our study
showed that it was possible to preferentially activate distal
hand muscle with the cathode configured over the T1 level
compared with C6 and C7 cathode configurations. Another
limitation of the study is the relatively small sample size, de-
spite being comparable to previous studies with able-bodied
participants (14, 15, 28, 30, 36, 38). It should also be noted
that responses were only recorded unilaterally from the right
upper-limb muscles of right-handed participants. It is possi-
ble that hand dominance may have influenced the motor

Table 3. Statistical analyses results showing within subject two-way ANOVA interactions and main effect results for post-
activation depression (first and second responses) and anode configurations (neck, shoulders, iliac crests, and back) com-
parisons of the responses evoked in each muscle (BB, TB, FCR, ECR, FDI, and APB) separately

Interaction

Postactivation Depression Anode

Neck Shoulders Iliac Crest Back First Second

BB F (1,9.4) = 16.2
P = 0.003

t (9) = 4.2
P = 0.002

t (9) = 1.6
P = 0.132

t (9) = 1.7
P = 0.121

t (9) = 0.9
P = 0.400

F (1.4,12.5) = 11.4
P = 0.003

F (1.7,15.0) = 4.1
P = 0.044

TB F (3, 27) = 10.4
P < 0.001

t (9) = 3.4
P = 0.007

t (9) = -0.6
P = 0.561

t (9) = 0.3
P = 0.781

t (9) = -3.2
P = 0.012

F (3, 27) = 6.1
P = 0.003

F (3, 27) = 4.2
P = 0.014

FCR F (1.2,10.8)=3.4
P = 0.087

F (1, 9) = 4.3
P = 0.067

F (3, 27) = 4.5
P < 0.001

ECR F (1,9.2)=9.2
P = 0.013

t (9) = 2.8
P = 0.022

t (9) = 1.7
P = 0.131

t (9) = 1.3
P = 0.219

t (9) = 1.1
P = 0.296

F (1,9.2) = 12.1
P = 0.007

F (1,9.2) = 9.3
P = 0.013

FDI F (1.1,10.1)=13.2
P = 0.004

t (9) = 3.8
P = 0.004

t (9) = 1.2
P = 0.260

t (9) = 1.5
P = 0.171

t (9) = 0.5
P = 0.620

F (1.1,9.5) = 7.9
P = 0.019

F (1.1,9.8) = 3.7
P = 0.083

APB F (1.1,10.3) = 7.5
P = 0.018

t (9) = 3.2
P = 0.010

t (9) = 2.3
P = 0.048

t (9) = 1.5
P = 0.160

t (9) = 2.3
P = 0.048

F (1.2,10.6) = 9.7
P = 0.008

F (1.1,10.3) = 5.0
P = 0.045

When interaction was significant, the factors were compared separately with within-subject one-way ANOVA or a t test. Greenhouse–
Geisser correction was used when the sphericity assumption was violated. The P values in bold indicate significant differences for a sig-
nificance level of a = 0.05. APB, abductor pollicis brevis; BB, biceps brachii; ECR, extensor carpi radialis; FCR, flexor carpi radialis; FDI,
first dorsal interosseous; TB, triceps brachii.
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responses (32–34), and thus, our results should be carefully
considered and generalized. Finally, despite similar signal-
to-noise ratios across muscles in our current study, possible
cofounding factors related to comparisons between muscles
should further be investigated using non-linear regression
models in future studies.

Conclusions

The results obtained in this study showed that transsynap-
tic activation of motor pools projecting to the upper limb
muscles is achievable using all three cathode configurations
(C6, C7, and T1). Distal hand muscles (FDI and APB) were
preferentially activated with the cathode configured over the
T1 vertebra compared with C6 and C7, whereas there was no
selectivity for proximal arm muscles (BB, TB, FCR, and
ECR). We showed higher stimulation thresholds for acti-
vation of distal hand muscles compared with proximal
arm muscles. The elicited responses were largest when
the anode was placed over the anterior neck, compared
with other configurations (Shoulders, Iliac Crests, and
Back) with equivalent stimulation intensities. Our results
therefore provide methodological considerations for elec-
trode configuration that can help elicit transsynaptic
motor activation during cervical tSCS with less current
amplitude. The utility of these results concerns the use
of tSCS for assessing the state of spinal cord neural circui-
tries through single and double pulses, whereas further
testing is warranted to confirm these findings during
continuous stimulation.
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