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Abstract
Objective. Spinal cord neuromodulation has gained much attention for demonstrating improved
motor recovery in people with spinal cord injury, motivating the development of clinically
applicable technologies. Among them, transcutaneous spinal cord stimulation (tSCS) is attractive
because of its non-invasive profile. Many tSCS studies employ a high-frequency (10 kHz) carrier,
which has been reported to reduce stimulation discomfort. However, these claims have come under
scrutiny in recent years. The purpose of this study was to determine whether using a
high-frequency carrier for tSCS is more comfortable at therapeutic amplitudes, which evoke
posterior root-muscle (PRM) reflexes. Approach. In 16 neurologically intact participants, tSCS was
delivered using a 1 ms long monophasic pulse with and without a high-frequency carrier.
Stimulation amplitude and pulse duration were varied and PRM reflexes were recorded from the
soleus, gastrocnemius, and tibialis anterior muscles. Participants rated their discomfort during
stimulation from 0 to 10 at PRM reflex threshold.Main Results. At PRM reflex threshold, the
addition of a high-frequency carrier (0.87± 0.2) was equally comfortable as conventional
stimulation (1.03± 0.18) but required approximately double the charge to evoke the PRM reflex
(conventional: 32.4± 9.2 µC; high-frequency carrier: 62.5± 11.1 µC). Strength-duration curves
for tSCS with a high-frequency carrier had a rheobase that was 4.8× greater and a chronaxie that
was 5.7× narrower than the conventional monophasic pulse, indicating that the addition of a
high-frequency carrier makes stimulation less efficient in recruiting neural activity in spinal roots.
Significance. Using a high-frequency carrier for tSCS is equally as comfortable and less efficient as
conventional stimulation at amplitudes required to stimulate spinal dorsal roots.

1. Introduction

Neuromodulation of the spinal cord can be used to
treat chronic pain (Shealy et al 1967, Caylor et al 2019)
and improve motor function after stroke (Powell et al
2022) and spinal cord injury (Carhart et al 2004,
Harkema et al 2011, Angeli et al 2018, Gill et al 2018,

Rowald et al 2022). Transcutaneous spinal cord stim-
ulation (tSCS) is a non-invasive neuromodulation
technique that uses adhesive electrodes on or adja-
cent to the spine to activate primary afferent neur-
ons in the spinal roots, particularly the large diameter
afferent fibers, similar to epidural spinal cord stim-
ulation (eSCS) (Capogrosso et al 2013, Hofstoetter
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et al 2018). tSCS has the potential to be a more
accessible neuromodulation therapy that could reach
people without access to surgical procedures or those
who are contra-indicated or unwilling to receive an
eSCS implant. To date, tSCS has been demonstrated
as an effective method to improve motor function
in the arm and hand (Freyvert et al 2018, Gad et al
2018, Inanici et al 2018, 2021), trunk (Rath et al
2018, Sayenko et al 2019, Keller et al 2021), and legs
(Hofstoetter et al 2013, 2015b, 2021, Gad et al 2017,
2019, Samejima et al 2022) in people with various
neurological conditions.

tSCS (and eSCS) excite the large-diameter affer-
ents in the spinal roots (Hofstoetter et al 2018,
2019), engaging spinal reflex pathways that facilit-
ate activity in motoneurons. The evoked response
can be recorded using electromyography (EMG) and
is known as the posterior root-muscle (PRM) reflex
(Minassian et al 2007). The PRM reflex is equivalent
to the Hoffman (H)-reflex but engages multiple seg-
ments of spinal roots (Minassian et al 2007, Krenn
et al 2013). Compared to eSCS with implanted elec-
trodes, the current amplitudes required for tSCS are
much higher. Since tSCS is delivered through elec-
trodes placed on the skin, stimulation also activ-
ates cutaneous afferents and induces strong contrac-
tions in paraspinal muscles, both of which can cause
discomfort.

The conventional waveform used for tSCS is a
square pulse with a duration of 1–2 ms applied at
30–50 Hz to facilitate muscle activation (Hofstoetter
et al 2014, 2015b, 2020, 2021, Gad et al 2017, Freyvert
et al 2018, Knikou and Murray 2019). An alternative
approach uses a high frequency carrier wave, typic-
ally 10 kHz, within the 1–2 ms pulse (Gerasimenko
et al 2015a, 2015b, 2016, Gad et al 2018, 2019, Inanici
et al 2018, 2021, Rath et al 2018, Sayenko et al 2019,
Keller et al 2021). The concept of using a high-
frequency carrier originates from Russia in the 1970’s
and is colloquially termed ‘Russian current’ (Ward
and Shkuratova 2002,Manson et al 2020). The benefit
of the high-frequency carrier, originally selected to be
2.5 kHz, was that it made the stimulation less painful.
A later study found the optimal frequency for motor
activation and minimal pain to be 10 kHz (Ward
and Robertson 1998). Several tSCS studies claim that
stimulation at 10 kHz is painless due to blocking
of superficial nociceptive afferents, enabling use of
higher stimulation amplitudes, such as those needed
to target the spinal roots (Gerasimenko et al 2015a,
Gad et al 2017, Sayenko et al 2019, Manson et al 2020,
Inanici et al 2021).

A recent study aimed to characterize the maximal
tolerable stimulation amplitude when using a con-
ventional biphasic stimulation waveform with and
without a 5 kHz carrier frequency (Manson et al
2020). They found that when the maximum tolerable
stimulation amplitude was normalized to the stim-
ulation amplitude required to evoke a PRM reflex,

there was no difference between the waveforms. It is
important to note that tSCS for neuromodulation to
facilitate motor functions requires stimulation amp-
litudes near the PRM reflex threshold to be effective.
Therefore, characterizing the comfort of tSCS at the
PRM reflex threshold is of paramount interest.

Here, we compared stimulation thresholds for
evoking PRM reflexes using a conventional 1 ms-long
monophasic pulse with and without a 10 kHz car-
rier frequency for tSCS. Participants were asked to
report a discomfort rating for the stimulation applied
at the reflex threshold. We also extensively character-
ized the recruitment properties of PRM reflexes using
both waveforms, using both recruitment curves and
charge-duration curves, which has not been repor-
ted to date. We hypothesized that stimulation with
a high-frequency carrier would have a higher PRM
reflex threshold, and that at threshold, the high-
frequency carrier waveform would not be more com-
fortable than the conventional waveform. As hypo-
thesized, PRM reflex thresholds were higher for the
high-frequency carrier waveform, which was equally
as comfortable as the conventional waveform at its
PRM reflex threshold. These results suggest that for
tSCS, a high-frequency carrier waveform offers no
advantages for reducing discomfort compared to a
conventional waveform. Moreover, the higher stim-
ulation charge needed to evoke a response with the
high-frequency carrier waveform requires the stimu-
lator to produce much higher voltages, increasing the
power budget and risk of injury.

2. Materials andmethods

2.1. Participants
Sixteen neurologically intact individuals participated
in this study (mean age ± standard deviation (SD):
29.5 ± 6.9 years; eight female; table 1). We measured
the circumference of each participant’s waist and hips.

We excluded individuals from this study if they
were younger than 18 years of age, were pregnant,
or had any of the following: implanted electronic
devices, metallic implants in their torso and/or legs,
a serious bone or blood disease or infection, heart
disease such as arrhythmia, or a history of stroke,
spinal cord injury or disease, or muscle or nerve
impairments affecting the lower limbs. This studywas
approved by the Internal Review Board at Carnegie
MellonUniversity (STUDY2020_00000452) and con-
ducted in accordance with the Declaration of Hel-
sinki. All participants signed a written informed con-
sent form prior to their enrollment in the study. No
participants had prior experience with tSCS.

2.2. Study protocol
2.2.1. EMG electrode placement
We prepared the skin of the left lower leg for
recording using abrasive gel (Lemon Prep, Mavidon,
USA), alcohol wipes (Braha Industries, USA) and
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Table 1. Demographic information for research participants. All participants were neurologically intact. HFC= high-frequency carrier.

Participant ID Sex Age (years) Height (cm) Weight (lbs) Waist (cm) Hip (cm) First waveform

TSP01 Male 49 180 195 102 104 Conventional
TSP02 Female 23 165 125 69 92 HFC
TSP03 Female 25 160 119 71.5 90 Conventional
TSP04 Female 26 160 108 69 80 Conventional
TSP05 Male 28 193 190 91 97 HFC
TSP06 Male 40 178 170 86.5 93 Conventional
TSP07 Male 24 180 139 76 92 HFC
TSP08 Female 23 168 135 69.5 88.5 Conventional
TSP09 Male 24 180 139 76 92 HFC
TSP10 Female 29 160 149 82.5 95.5 Conventional
TSP11 Male 33 167 187 94.5 101.5 Conventional
TSP12 Male 32 170 165 84.5 94 HFC
TSP13 Male 32 185 176 86.5 97 Conventional
TSP14 Female 26 172 153 84 101.5 HFC
TSP15 Female 27 170 127 73 94 HFC
TSP16 Female 31 168 166 82 109 HFC
Mean± STD 8 Female 26.3± 2.8 165.4± 4.9 135.3± 19.4 75.1± 6.6 93.8± 8.7
Mean± STD 8 Male 32.8± 8.4 177.8± 8.8 169.3± 23.2 87.3± 8.7 95.6± 5.7

conductive electrode gel (Signa Gel, Parker Laborat-
ories BV, NL). All data were collected while the parti-
cipant sat comfortably in a chairwith both knees posi-
tioned at a 120◦ angle (figure 1). We placed bipolar
EMG electrodes (2 square 7/8′′ × 7/8′′ Ag|AgCl foam
electrodes; MVAPMedical Supplies, USA) approxim-
ately 1 cm apart on the soleus, lateral andmedial gast-
rocnemius, and tibialis anteriormuscles of the left leg.
We secured a ground electrode (4 × 5 cm pregelled
Ag|AgCl Natus electrode; MVAP Medical Supplies,
USA) onto the left patella. EMG data were recor-
ded using the SAGA64+ (TMSi, NL) at a sampling
rate of 4000 Hz and streamed into MATLAB (Math-
Works, USA) using custom software. Stimulation was
delivered using a DS8R stimulator with a firmware
update to allow frequencies up to 10 kHz (Digit-
imer, UK). The stimulator was triggered using a PCIe-
6353 I/ODevice (National Instruments, USA), a BNC
2090 A connector accessory (National Instruments,
USA) and custom MATLAB code.

2.2.2. PRM reflex threshold
Participants were oblivious to the composition of the
waveforms, and we pseudo randomized and balanced
which one was delivered first. We placed a round
adhesive electrode for tSCS (3.2 cm diameter; ValuT-
rode, Axelgaard Manufacturing Co. Ltd, USA) para-
vertebrally left of the T12-L1 spinous processes, and
a large rectangular electrode (7.5 × 13 cm, ValuT-
rode, Axelgaard Manufacturing Co. Ltd, USA) on the
left anterior superior iliac spine. tSCS electrodes were
placed paravertebrally to specifically target unilateral
spinal roots and corresponding sensorimotor path-
ways that innervate the distal leg muscles (Krenn et al
2013, Calvert et al 2019). We wrapped the torso (6′′

Coban, 3 M, USA) and placed a small piece of foam
(12 × 17 cm) between the electrode and the back of

the chair to maintain firm pressure on the stimula-
tion site. Throughout the manuscript, we will refer to
themonophasic pulse as the ‘conventional waveform’,
and the pulse with the 10 kHz carrier frequency as
the ‘high-frequency carrier waveform’. Each of the fol-
lowing procedures were repeated for both waveforms.

We found the stimulation threshold for evoking a
PRM reflex in the soleusmuscle, which was the lowest
stimulation amplitude that evoked a reflex response.
We then determined the maximum PRM reflex amp-
litude (referred to as PRMMax), which was defined as
the stimulation amplitude at which the reflex amp-
litude no longer increased when stimulation amp-
litude increased. In this study, we did not exceed a
stimulation amplitude of 180 mA.

2.2.3. Recruitment curves and confirming reflexes
We stimulated at 15 amplitudes between 5 mA
below the PRM reflex threshold and 5–10 mA above
the maximum amplitude, in a random order. We
delivered the stimuli 10 s apart and repeated each
stimulation amplitude four times. To confirm that the
evoked responses were reflexive, we tested for rate-
dependent depression (RDD).We delivered a series of
three pulses 10 s apart, and a series of three pulses 1 s
apart, at a stimulation amplitude approximately equal
to 1.1–1.3 times PRM reflex threshold to ensure that
it was suprathreshold.

2.2.4. Varying pulse duration
The high-frequency carrier waveform was active for
half the time as the conventional waveform since the
10 kHz pulse train had a 50% duty cycle. Therefore,
we sought to determine the effect of overall pulse dur-
ation on the PRM reflex threshold. We chose the fol-
lowing pulse durations: 100, 200, 300, 400, 500, 800,
1000, 1250, 1500, 1750, and 2000 µs. We determined
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Figure 1. Experimental setup and procedures. The top bar shows the experimental timeline for collecting each measure.
Waveform 1 (W1) and waveform 2 (W2) were either a conventional monophasic pulse or high-frequency carrier burst pulse, the
order of which was pseudo-randomized across participants. The bottom left shows the experimental setup with electrode
placements. Electromyography (EMG) electrodes were placed on the soleus (SOL), lateral gastrocnemius (LG), medial
gastrocnemius (MG), and tibialis anterior (TA) muscles. Transcutaneous spinal cord stimulation (tSCS) was delivered using a
round electrode placed lateral to the T12-L1 spinal levels. The tSCS return electrode was placed on the anterior superior iliac
spine. The inset of the round electrode shows the location of the electrode relative to the midline of the spine. The bottom right
shows the two different waveforms studied. Mmax =motor maximum; PRM= posterior root muscle; Thresh= threshold;
Max=maximum; RC= recruitment curve; RDD= rate-dependent depression, SDCurve= strength-duration curve.

PRM reflex threshold twice for each pulse duration
and in a random order. It is important to note that
for all other measures the pulse width was equal to
1 ms.

2.2.5. Discomfort scoring
We asked the participants to rate their discomfort
from the electrical stimulation at the electrode site
on a visual analog scale from 0 to 10, where 0 indic-
ated no discomfort at all, and 10 indicated the most
uncomfortable sensation imaginable. This was done
at each threshold value across the various pulse dur-
ations. Moreover, we asked participants to rank the
strength of the contraction of the paraspinal muscles
on a scale of 0–10, where 0 was no contraction at
all, and 10 was the strongest contraction imaginable.
Paraspinal contractions were rated across stimulation
amplitudes delivered between 20 and 80mA, at 15mA
intervals.

2.3. Analysis and statistics
All analyses were performed using custom
MATLAB code. We blanked the stimulus artefact in

the EMG recordings by interpolating between points

that occurred 4 ms prior to and 6 ms after the stimu-

lus onset. We filtered EMG data using a second order

band pass filter with cutoff frequencies of 20 Hz and

1999 Hz.
We determined the latency of the PRM reflexes

as the time from the stimulation onset to the first
inflection of the response. Specifically, we detected
when the amplitude of the evoked response exceeded
one standard deviation beyond the mean baseline

(pre-stimulus) period. We determined a reflex
threshold value using data recorded for the recruit-

ment curve: we defined the PRM reflex threshold as
the stimulation amplitude where an evoked response
was present in at least one of the four repetitions. We
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determined the presence of a PRM reflex if the peak-
to-peak amplitude of the evoked response exceeded
five standard deviations beyond the mean baseline
(pre-stimulus) period and confirmed this visually.
We constructed recruitment curves by calculating the
average of the four PRM reflex responses elicited at
each stimulation amplitude. We then measured the
peak-to-peak amplitude of the averaged responses
according to stimulation charge. We found the slope
of the recruitment curve by first using the MATLAB
function findchangepts to find the inflection points.
While implementing the findchangepts function, we
set the maximum number of change points equal to
two, and the minimum allowable number of samples
equal to two. Then, we determined the slope of the
line between those inflection points across the steep-
est part of the curve.

We created strength-duration curves for each
waveform by finding the average threshold from the
two repetitions at the same stimulation amplitude
for each pulse duration. We created charge-duration
curves by multiplying the threshold amplitude by the
pulse duration, taking into account the duty cycle of
the high-frequency carrier waveform. We performed
a linear regression on the charge-duration curves.
From the linear regression, we extracted the slope,
which is equal to the rheobase (Reilly et al 1992, Lin
et al 2002) (also the threshold amplitude at infinite
duration). The y-intercept is equivalent to the min-
imum charge threshold for short pulses (duration
approaching zero). Finally, we calculated the chron-
axie by taking the quotient of the y-intercept and the
slope. The chronaxie is also equivalent to the dura-
tion for two times the rheobase from the strength-
duration curve.

We obtained discomfort scores at threshold as
pulse duration was varied, and used the mean of the
two scores for each pulse duration. There were no
significant differences between the discomfort val-
ues across pulse durations (one-way analysis of vari-
ance (ANOVA); p = 1.0); therefore, we grouped
the discomfort scores across pulse durations for
comparisons.

We used paired t-tests to ascertain differences
between the conventional and high-frequency car-
rier waveforms for the following measures: stimula-
tion amplitudes at PRM reflex threshold, peak-to-
peak amplitudes at threshold, PRM reflex latencies,
decrease in peak-to-peak amplitude following RDD,
recruitment rate, and discomfort scores. We used the
two one-sided t-test (Lakens 2017, Rastogi 2017) to
test for equality between the two waveforms for the
discomfort scores at threshold and latency of the PRM
reflexes. We also tested for effects of order (start-
ing with either the conventional or high-frequency
carrier waveform) on PRM reflex thresholds and
comfort scores using paired t-tests. We performed
a similar analysis with paired t-tests to determine if
there were sex-based differences in PRM thresholds

and comfort scores. Finally, we calculated the linear
correlation coefficient between the threshold stimu-
lation amplitude and the participant’s waist and hip
circumferences.

3. Results

We evoked PRM reflexes in all lower-limb muscles
that were tested in all participants using both wave-
forms. For the purpose of reporting our main find-
ings, we focus on the soleus muscle only (figures 2(A)
and (B)) because the results from the other muscles
were similar (supplementary figure 1). Near and
above the PRM reflex threshold, large contractions in
the paraspinal muscles occurred. The onset of para-
spinal contractions and the induced trunk move-
ments were a reliable indicator that the stimula-
tion amplitude was likely to evoke a PRM reflex. In
other words, if the participant’s trunk moved dur-
ing the stimulation pulse due to paraspinal contrac-
tions, the stimulation amplitude was also likely high
enough to elicit a PRM reflex response. Although
we did not ask participants to describe paresthesias,
over half (n = 10) of them reported experiencing
paresthesias in their ankles to toes. Furthermore, we
observed movements in both legs in half (n = 8) of
the participants.

3.1. The high-frequency carrier waveform required
more charge to evoke PRM reflexes
The high-frequency carrier waveform required
approximately double the charge (62.5 ± 11.1 µC)
to evoke a PRM reflex compared to the conventional
waveform (32.4 ± 9.2 µC), which was significant
(p < 0.001; figure 2(C)). This equated to stimula-
tion amplitudes of 125.1 ± 22.3 mA for the high-
frequency carrier waveform and 32.4± 9.2mA for the
conventional waveform. The peak-to-peak amplitude
of the PRM reflexes evoked at threshold by the high-
frequency carrier waveform (33.1 ± 13.0) compared
to the conventional waveform (34.8 ± 12.5) were
not significantly different (p = 0.32; figure 2(D)).
The latencies of the PRM reflexes (21.8 ± 1.9 and
22.0 ± 1.8 for the conventional and high-frequency
carrier waveforms, respectively) were not signific-
antly different (p = 0.11) and were equivalent with a
window of±1.5% (p= 0.034; figure 2(E)).

Neither the waist nor hip circumferences correl-
ated with PRM reflex thresholds for either waveform
(R2 < 0.1; supplementary figure 2). Furthermore, sex
did not influence the PRM reflex thresholds (p> 0.5;
supplementary figure 5(A)). The order in which the
waveforms were delivered also did not influence the
PRMreflex threshold (p> 0.35; supplementary figure
5(C)).

3.2. PRM reflexes exhibited RDD
We confirmed that the evoked responses were reflex-
ive by observing RDD. When the stimuli were 10 s
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Figure 2. Posterior root muscle (PRM) reflexes from the soleus muscle of TSP08. Examples of PRM reflexes of the same
peak-to-peak amplitude, evoked using the conventional (Conv) waveform at 50.4 µC (A) and the high-frequency carrier (HFC)
waveform at 90 µC (B). The waveforms are indicated by the insets. The onset of stimulation is indicated by an arrow.
(C) Comparison of PRM reflex thresholds using the conventional versus the high-frequency carrier waveform according to
stimulation charge (top) and amplitude (bottom). (D) Comparison of the peak-to-peak amplitude of the PRM reflexes at
threshold across all subjects. (E) Latency of the PRM reflexes. Error bars represent standard deviation; ∗∗∗p< 0.001; NS= not
significant;≡1.5% indicates that the latencies were equivalent within a±1.5% window.

apart, the peak-to-peak amplitude of the PRM reflex
remained constant (figure 3(A)). When the inter-
stimulus interval was 1 s, the peak-to-peak amplitude
decreased with successive stimuli. This occurred for
both waveforms (figures 3(B) and (C)). On aver-
age, the peak-to-peak amplitude of the second PRM
reflex evoked by the conventional and high-frequency
carrier waveforms were 47.5% (±23.9%) and 64.9%
(±25.4%) of the first PRM reflex, respectively, and
were not significantly different between waveforms
(p = 0.09; figure 3(D)). In most cases, the peak-
to-peak amplitude of the third PRM reflex was also
depressed; however, in 9/32 instances, the peak-to-
peak amplitude of the third PRM reflex increased to

approximately that of the first response (supplement-
ary figure 3).

3.3. Both waveforms had similar recruitment rates
We collected recruitment curves by varying the stim-
ulation amplitude between subthreshold and supra-
maximal amplitudes (figures 4(A)–(C). The slope of
the recruitment curve indicates the rate of activa-
tion of the PRM reflex. In most participants, the
PRMMax was not reached using the high-frequency
carrier waveform. Therefore, the slope of the recruit-
ment curve was calculated only if the high-frequency
carrier PRMMax was at least 33% of the conventional
PRMMax (occurred only in TSP01, TSP02, TSP04,
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Figure 3. Rate-dependent depression. Example of posterior root muscle (PRM) reflexes following three consecutive stimulation
pulses delivered 10 s apart (A), showing a constant peak-to-peak amplitude, or 1 s apart (B), (C), showing a decrease in the
peak-to-peak amplitude of the successive responses. Stimulation amplitudes were set to∼1.1–1.3× PRM threshold. All responses
shown were recorded in the soleus muscle from TSP02. The type of waveform used in each subfigure is indicated by the inset. The
onset of stimulation is indicated by an arrow. (D) Average (- standard deviation) of the peak-to-peak amplitude of the second
PRM reflex as a percentage of the first PRM reflex in the series. HFC= high-frequency carrier; Conv= conventional.

and TSP08; supplementary figure 4). The recruit-
ment rates for the conventional and high-frequency
carrier waveforms were 0.39 ± 0.29 mV µC−1 and
0.28± 0.23 mV µC−1, respectively, and were not sig-
nificantly different (p= 0.08).

3.4. The waveforms were equally comfortable at
PRM reflex threshold
At PRM reflex threshold, the mean discomfort score
for the conventional and high-frequency carrier
waveforms were 0.87 ± 0.2 and 1.03 ± 0.18, respect-
ively, and were not significantly different from one
another (p= 0.13), but were equivalent within a±1%
window (p = 0.002; figure 5(C)). Sex did not have
an effect on the discomfort scores (p > 0.25; sup-
plementary figure 5(B)), nor did the order of which
waveform was tested first (p > 0.55; supplementary
figures 5(D) and (E)).

As the stimulation charge increased, the contrac-
tion strength of paraspinal muscles were rated higher
and increased linearly (conventional:R2 = 0.98; high-
frequency: R2 = 0.96; figure 5(B)). We used the

equations from linear regression to estimate the con-
traction score at PRM reflex threshold:

ScoreConv = 0.0713×ThreshConv − 0.6 (1)

ScoreHF = 0.0267×ThreshHF − 0.2042. (2)

At threshold, the contraction score for the con-
ventional and high-frequency carrier waveforms
were 1.71 and 1.46, respectively, indicating that
they induced similarly strong paraspinal muscle
contractions.

3.5. The high-frequency carrier waveform
delivered charge less efficiently
The values for the rheobase, chronaxie, and min-
imum charge extracted from the charge-duration
curves are listed in table 2 and labeled in figure 6.
For six participants, the thresholds for narrower
pulse durations were greater than 180 mA for the
high-frequency carrier waveform. In most of these
cases, only the narrowest point (100 µs) was out-
side of this bound; however, in one instance, the
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Figure 4. Recruitment of posterior root muscle (PRM) reflexes. PRM reflexes evoked across a range of amplitudes using the
conventional (Conv) waveform (A) and the high-frequency carrier (HFC) waveform (B). The type of waveform used in each
subfigure is indicated by the inset. The onset of stimulation is indicated by an arrow. (C) Peak-to-peak amplitude of the PRM
reflex response plotted against the stimulation charge as a percent of threshold. All responses shown were recorded in the soleus
muscle from TSP02. (D) Recruitment rates of PRM reflexes for instances where the maximum peak-to-peak amplitude from the
HFC waveform was at least 33% of the maximum from the conventional waveform. Error bars represent standard deviation.
∗∗∗p< 0.001; NS= not significant.

Figure 5. Discomfort and contraction scores. (A) Mean (+ standard deviation) of the scores for the discomfort felt at threshold
along the strength-duration curves. (B) Mean (± standard deviation) scores for the paraspinal muscle contractions felt at each
stimulation amplitude for each waveform. NS= not significant; HFC= high-frequency carrier; CONV= conventional;≡1%
indicates that the discomfort scores were equivalent within a±1% window.

200 µs and 400 µs data points were outside this
bound. Therefore, for pulse durations less than
400 µs, and in particular at 100 µs, the threshold
value was underestimated, and these data points
were removed from analysis. The strength-duration

curve for the high-frequency carrier waveform can
be duplicated by shifting the strength-duration curve
for the conventional waveform up by 94.7 mA
(supplementary figure 6) in a near perfect overlap
(Correlation = 96.1%). These results demonstrate
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Table 2. Parameters from charge-duration and strength-duration curves. The parameters were determined using a linear regression of
the charge-duration curves for each waveform. HFC= high-frequency carrier.

Parameter Conventional waveform HFC waveform HFC/Conventional

Rheobase (mA) 25.06 120.42 4.81
Chronaxie (µs) 292.1 51.4 0.18
Minimum charge (µC) 7.32 6.19 0.85

Figure 6. Strength- and charge-duration curves. (A) Mean (± standard error) threshold stimulation amplitude for evoking a
posterior root muscle (PRM) reflex as the pulse duration was varied. Note: for the high-frequency carrier (HFC) waveform, the
threshold for pulse durations<300 µs were>180 mA; therefore, the curve is incorrectly less steep. CONV= conventional
waveform. (B) Mean (± standard error) charge threshold as pulse duration was varied. QMin =minimum charge; the equations
are from linear regression.

that the high-frequency carrier waveform activates
the same afferent fibers as the conventional wave-
form, but less efficiently.

4. Discussion

4.1. PRM reflexes
tSCS utilizes high stimulation current levels delivered
through adhesive paravertebral electrodes to target
the deep spinal roots, evoking PRM reflexes that can
be recorded in the lower limbmuscles. The thresholds

did not differ across hip and waist circumferences,
likely because the near midline placement of the tSCS
electrode avoided areas of larger adipose or muscle
tissue regions, allowing more direct access to the
spinal nerves. tSCS neuromodulation for the recovery
of motor functions requires stimulation amplitudes
at or near PRM reflex threshold to be effective (Rath
et al 2018, Sayenko et al 2019, Hofstoetter et al 2021,
Inanici et al 2021, Keller et al 2021). PRMreflexes con-
sist of a multi-segment superposition of H-reflexes
and cutaneous afferent inputs (Minassian et al 2007,
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Krenn et al 2013, Freitas et al 2022). A characteristic
of spinal reflexes is the presence of RDD, indicated by
the reduced amplitude of successive reflex responses
following an initial pulse (Andrews et al 2015). We
observed RDD at 1 Hz, verifying that the responses
were reflexive, similar to data from a previous study
(Hofstoetter et al 2019). We also reported periodic
modulation of reflex amplitudes with further success-
ive pulses. This behavior has been reported previ-
ously with eSCS in people with SCI (Hofstoetter et al
2015a). Our results suggest that both waveforms act
through a similar reflex pathway, because the shapes
of the responses were identical within each parti-
cipant and muscle, and they had similar recruitment
characteristics.

4.2. Discomfort of stimulation at PRM reflex
threshold
Discomfort is a limitation of electrical stimulation,
especially at high amplitudes in people with intact
sensation. Activation of cutaneous nociceptors and
paraspinal muscle contractions are the main causes
of discomfort during tSCS. Both types of discom-
fort have been reported in several studies, includ-
ing in people with SCI, sometimes requiring discon-
tinuation for several days (Hofstoetter et al 2018,
Manson et al 2020, Keller et al 2021). Our parti-
cipants, who had intact sensation, reported strong
paraspinal muscle contractions and discomfort of
electrical stimulation at higher amplitudes. The dis-
comfort experienced by people with motor disorders
such as SCI will depend on the extent of sensa-
tion remaining at the stimulation site. However,
therapeutic tSCS for motor recovery requires stimu-
lation amplitudes at or below threshold (Hofstoetter
et al 2015b, Rath et al 2018, Inanici et al 2021), where
mild paraspinal contractions are produced. Our res-
ults show that, at threshold, the strength of contrac-
tions of the paraspinal muscles are similar and small.

A recent study from the Sayenko lab investig-
ated the maximum tolerable stimulation amplitude
for tSCS with and without a 5 kHz carrier frequency
(Manson et al 2020). They noted that 70% of parti-
cipants discontinued stimulation due to the discom-
fort of strong paraspinal contractions, 10% due to
abdominal contractions (where their return electrode
was located), and 20% due to stimulation-site dis-
comfort. Participants could tolerate larger currents
with high-frequency stimulation. However, when the
maximum tolerable stimulation amplitude was nor-
malized to the PRM reflex threshold, there was no
difference between the waveforms. This showed that
the reflex threshold and maximum tolerable stimu-
lation amplitude scaled together with the addition of
a high-frequency carrier. They concluded that high-
frequency stimulation does not reduce discomfort at
intensities needed to evoke PRM reflexes. Our res-
ults support this inference and explicitly demonstrate
that, at PRM reflex threshold, which is relevant

for tSCS neuromodulation applications, the addi-
tion of a 10 kHz carrier frequency does not reduce
discomfort.

4.3. Mechanisms of high-frequency stimulation
A common claim to support the use of high-
frequency tSCS is that it blocks local cutaneous
afferents, resulting in painless stimulation (Gerasi-
menko et al 2015a, Gad et al 2017, Sayenko et al
2019, Manson et al 2020, Inanici et al 2021). The
concept of conduction block has been prevalent for
decades. In the 1960’s, Tanner reported conduction
block with 20 kHz stimulation, noting that large
diameter fibers were blocked first (Tanner 1962). A
computational model showed that both deep and
superficial large diameter afferents are activated with
high-frequency stimulation (Medina and Grill 2014).
Lempka and colleagues used a computational model
to show that high-frequency stimulation causes activ-
ation and blocking of axons, both in larger diameter
fibers first (Lempka et al 2015). Specifically, nerve
fibers were activated at lower thresholds but blocked
at amplitudes greater than the clinical range for eSCS.
It has also been demonstrated experimentally that
10 kHz stimulation blocked large diameter afferents
at lower amplitudes than for unmyelinated fibers,
which required supraclinical amplitudes (Joseph and
Butera 2011). Blocking may dominate when high-
frequency stimulation is delivered tonically (Ward
et al 2004, Bhadra et al 2018), but only after elicit-
ing a large initial response (Ackermann et al 2011).
tSCS neuromodulation delivers stimulation in bursts
of high-frequency trains, typically at 30–50Hz, which
may have different blocking properties than tonic
stimulation. If blocking does occur during tSCS, the
large diameter fibers would be blocked before small
diameter fibers. Given that single bursts of high-
frequency stimulation are equally as comfortable as
a conventional pulse and the known blocking prop-
erties of the different afferent fibers, the notion that
high-frequency tSCS blocks local cutaneous afferents
but activates deep spinal roots is likely incorrect.

Over half our participants experienced pares-
thesias in their lower limbs using either waveform.
Paresthesias are thought to indicate activation of Aβ
mechanoreceptors (Caylor et al 2019, Rogers et al
2022) and have been reported in previous tSCS stud-
ies using the conventional waveform (Hofstoetter et al
2015b, 2021). High-frequency stimulation is used
in some forms of eSCS for pain treatment. In this
embodiment, high-frequency stimulation is referred
to as ‘paresthesia-free’ (Sdrulla et al 2018, Caylor
et al 2019); however, eSCS is applied tonically, not in
bursts of trains like tSCS.Whether or notAβ fibers are
activated using paresthesia-free eSCS remains unclear
(Song et al 2014, Crosby et al 2017, Sdrulla et al 2018,
Freitas et al 2022, Rogers et al 2022). The presence
of paresthesias and the question of blocking indic-
ate that further studies are needed to differentiate
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the fibers being activated not only by different wave-
forms, but also when they are applied in single pulses,
trains, or continuously.

Strength-duration curves describe activation of
excitable tissues, where less excitable tissues are found
higher and to the right of more excitable tissues.
Here, the high-frequency carrier strength-duration
curve was a direct copy of the conventional strength-
duration curve, shifted up but not right, suggest-
ing that both waveforms activated the same afferent
fibers. The rheobase indicates the absolute min-
imum current required to activate a nerve fiber,
and the chronaxie is a function of the axon mem-
brane time constant, which corresponds to excitab-
ility (Reilly et al 1992, Lin et al 2002). The rheobase
for the high-frequency carrier waveform was nearly
five times greater than the conventional waveform,
and the chronaxie more than five times narrower.
High-frequency stimulation causes nerve excitation
through summation, where each brief pulse in the
burst brings the membrane closer to threshold, even-
tually leading to an action potential (Ward et al
2004, Ward and Lucas-Toumbourou 2007). Since the
high-frequency carrier waveform had a 50% duty
cycle, one would expect the rheobase to be twice
that of the conventional waveform. Our results show
that integration does occur over the duration of the
high-frequency pulse, but the summation is leaky,
requiring significantly higher levels of current to
achieve threshold than is required of the conventional
waveform. This leaky summation results in less effi-
cient excitation of afferent fibers, unnecessary charge
injection, and excessive current consumption (Irnich
1980), which reduces the lifetime of battery-powered
devices, and could lead to electrode degradation as
well as local tissue heating.

4.4. Study limitations
The upper limit for the stimulation current in this
study was 180 mA. We chose this limit based on
other tSCS studies. A few papers tested stimula-
tion amplitudes up to 200 mA in people with SCI
(Gerasimenko et al 2015a, Gad et al 2017, 2018); a
recent study stimulated as high as 1000 mA in neur-
ologically intact individuals without adverse events
(Manson et al 2020). The primary focus of our study
was to investigate the comfort of each waveform at
threshold for evoked PRM reflexes; therefore, the
behavior at higher stimulation amplitudes was less
critical.

We used amonophasic stimulation pulse, because
monophasic pulses are typically used for reflex stud-
ies (Sayenko et al 2015, Burke 2016, Murray and
Knikou 2019). Many tSCS neuromodulation studies
use monophasic pulses (Minassian et al 2016, Gad
et al 2018, Knikou and Murray 2019, Sayenko et al
2019, Wu et al 2020). Biphasic stimulation is likely

to have a higher threshold than monophasic stimu-
lation (Reilly et al 1992), but should be confirmed in
a study comparing PRM reflex activation withmono-
phasic versus biphasic pulses. Furthermore, tSCS for
neuromodulation is applied continuously, in con-
trast to the single, 1 ms-long pulses used for studying
reflexes. The tolerance of continuous stimulation at
PRM reflex threshold should be investigated in future
studies.

Posture and leg position can affect PRM reflex
thresholds. We evoked PRM reflexes while our par-
ticipants sat comfortably in a chair, with their knees
positioned at a 120◦ angle, to avoid postural effects
on tSCS thresholds. In one study investigating pos-
tural effects on PRM reflex thresholds, they found
that PRM reflexes had a much greater threshold
while lying prone compared to supine, and the low-
est thresholds were found while standing (Danner
et al 2016). These posture-related influences on PRM
reflex recruitment must be considered when tSCS is
used as a neuromodulation method, especially dur-
ing tasks that require the participant to move.

4.5. Implications for future studies and clinical
translation
Therapeutic eSCS and tSCS use trains of stimulation
pulses, often applied at 30–50 Hz, which is quite dif-
ferent than the single pulse applied in this study. A
recent study reported that continuous trains of tSCS
(30 Hz) were tolerated at only 15% of the current
for a single pulse, which was 56% of motor threshold
(Manson et al 2020). This seems to contradict the
numerous reports of using tSCS neuromodulation in
people with intact sensation at just below (Rath et al
2018, Hofstoetter et al 2020, 2021, Inanici et al 2021)
or above (Gerasimenko et al 2015a, Gad et al 2018)
motor threshold.We as a field need to understand the
recruitment properties and comfort of single-pulse
and continuous trains of tSCS to better understand
how it engages with spinal reflex pathways during
neuromodulation. Similar studies should be under-
taken for other neuromodulation methods as well.

5. Conclusions

tSCS neuromodulation for motor recovery requires
stimulation amplitudes near PRM reflex threshold
to engage spinal reflex pathways. Using a high-
frequency carrier for tSCS is less efficient and requires
more charge to evoke PRM reflexes than a con-
ventional monophasic stimulation pulse. At reflex
thresholds, high-frequency carrier stimulation is not
more comfortable than conventional stimulation,
despite several claims of pain-free stimulation when
a high-frequency carrier is used. While tSCS offers a
non-invasive approach to neuromodulation of motor
output in the spinal cord, results from this study
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discourage using a high-frequency carrier because
it leads to unnecessarily high levels of charge to be
applied.
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Posterior root-muscle (PRM) reflexes in other lower leg muscles. (A) Examples of 

identical PRM reflexes evoked by each waveform (indicated by inset) for the lateral gastrocnemius (LG), 

medial gastrocnemius (MG), and tibialis anterior (TA) muscles. The onset of stimulation is indicated by an 

arrow. (B) Latency of PRM reflexes for each muscle and waveform. (C) PRM reflex thresholds for each 

muscle and waveform expressed in stimulation charge (left) and current (right). HFC = high-frequency 

carrier; Conv = conventional; error bars represent standard deviation; ***p < 0.001.  
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Supplementary Figure 2. Effect of size on thresholds. Posterior root-muscle (PRM) reflex threshold as a 

function of waist circumference (A) and hip circumference (B). Linear correlations are shown by the dotted 

lines.  
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Supplementary Figure 3. Additional examples of rate-dependent depression of posterior root-muscle (PRM) 

reflexes. (A) Successive depression of PRM reflexes in the lateral gastrocnemius muscle in TSP02. (B) 

Periodic modulation of PRM reflexes in the soleus muscles of TSP16 (left) and TSP12 (right). The type of 

waveform used in each subfigure is indicated by the inset. The onset of stimulation is indicated by an arrow.  

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 
Supplementary Figure 4. Additional examples of recruitment curves from the soleus muscle where the 

maximum peak-to-peak amplitude of the posterior root-muscle (PRM) reflex evoked by the high-frequency 

carrier (HFC) waveform was at least 33% of the maximum peak-to-peak amplitude of the PRM reflex of the 

conventional waveform. This occurred only in TSP01, TSP02 (shown in Figure 4), TSP04, and TSP08. The 

peak-to-peak amplitude of the PRM reflex is response plotted against the stimulation charge as a percent 

of PRM reflex threshold.  
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Supplementary Figure 5. Effects of sex and order on thresholds and comfort. Effect of sex on posterior root-

muscle (PRM) reflex threshold (A) and discomfort scores (B). Effect of order (conventional waveform or 

high-frequency carrier (HFC) waveform first) on PRM reflex threshold (C) and discomfort scores (D). (E) 

Effect of order (first versus second waveform) on discomfort scores. NS = not significant; error bars 

represent standard deviation.  
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Supplementary Figure 6. Strength-duration curve shift. We shifted the strength-duration curve of the 

conventional waveform up by 94.7 mA to overlap with the strength-duration curve of the high-frequency 

carrier (HFC) waveform to demonstrate their likeness. Note: for the HFC waveform, the threshold for pulse 

durations < 300 µs were > 180 mA; therefore, the curve is incorrectly less steep.  
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