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recorded via high-density surface electromyogra-
phy (64-electrode grid) on the tibialis anterior 
muscle. Motor unit action (MUs) potentials were 
analyzed for recruitment and de-recruitment 
thresholds, discharge rate, inter-spike interval, 
and common synaptic input.
Results: In this prospective study, we included 
nine patients (five females; four males; mean age 
59 years) with chronic pain treated with tho-
racic (Th7–Th8) epidural spinal stimulation. A 
total of 97 MUs were found for 15% maximal 
voluntary torque (MVT) and 83 for 30%MVT, an 
average of 10.8 ± 3.7 for 15%MVT and 10.4 ± 3.5 
for 30%MVT. While a few subject-specific varia-
tions were observed, our study suggests that the 
different SCS frequencies applied do not signifi-
cantly influence motor unit discharge character-
istics in the TA muscle among the participants 
(p values at 15%MVT were 0.586  (Chi2 = 1.933), 
0.737  (Chi2 = 1.267), 0.706  (Chi2 = 1.4) and 

ABSTRACT

Introduction: Spinal cord stimulation (SCS) 
represents an established interventional pain 
therapeutic; however, the SCS effects of SCS 
waveforms on motor neuron recruitment of 
the lower limbs of chronic pain patients remain 
largely unknown.
Methods: We investigated these effects by per-
forming isometric ankle-dorsal flexions at vary-
ing force levels under four SCS conditions: SCS 
Off (1 week), burst SCS (40 Hz), SCS Off (acute), 
and tonic SCS (130 Hz). Muscle activity was 
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0.586  (Chi2 = 1.933), respectively. The p val-
ues of the Friedman test at 30%MVT were 
0.896  (Chi2 = 0.6), 0.583  (Chi2 = 1.95), 0.896 
 (Chi2 = 0.6) and 0.256  (Chi2 = 4.05). No sig-
nificant difference was found for the different 
stimulation types for the delta (0–5 Hz), alpha 
(5–12 Hz), and beta (15–30 Hz) bands at both 
force levels.
Conclusions: In summary, we did not observe 
any changes in motor unit oscillatory activity at 
any low and high bandwidths, indicating that 
SCS using different waveforms (tonic/burst) does 
not significantly influence motor neuron recruit-
ment for non-motor individuals with chronic 
pain.

Keywords: Spinal cord stimulation (SCS); 
Burst/tonic stimulation waveforms; High-
density surface electromyogram (HD-EMG); 
Motor unit recruitment (MUR); Chronic pain

Key Summary Points 

Spinal cord stimulation (SCS) is convention-
ally used to treat chronic refractory pain 
disorders.

Effects of different SCS waveforms on motor 
neuron response in chronic pain remains 
largely unknown.

This study determined the impact of burst 
and tonic spinal modulation pattern on 
motor neuron units in the lower limb.

Different SCS frequencies did not signifi-
cantly alter motor neuron activity in chronic 
pain patients.

INTRODUCTION

Spinal cord epidural stimulation (SCS) involves 
applying electrical currents intended to stimu-
late neural circuits within the spinal cord with 
the capability to exert therapeutical effects on 
pain perception, sensory, and motor function in 

spinal cord injury (SCI) patients [1] (data origi-
nate from a preprint), [2–4].

Chronic pain is defined by the International 
Association for the Study of Pain as “an unpleas-
ant sensory and emotional experience associated 
with, or resembling that associated with, actual 
or potential tissue damage” [5]. More widely, 
SCS has been used for over five decades to treat 
patients with chronic pain disorders for which 
pharmacological and/or behavioral treatment 
options were ineffective. Besides the therapeu-
tical effect on chronic pain levels and process-
ing (e.g., back pain, leg pain, phantom limb, 
ischemic pain), SCS has been shown to amelio-
rate impaired motor function of the lower limbs 
[6–8]. Some uncontrolled in-human studies indi-
cated that SCS improves motor performance 
in patients with refractory orthostatic tremor, 
movement disorders such as Parkinson’s disease, 
SCI, and spasticity [1] (data originate  from a 
preprint), [2–4, 9–11]. However, how exactly SCS 
promotes motor function recovery and affects 
motor neuron recruitment still remains unclear. 
Several SCS chronic pain studies have investi-
gated the impact of SCS on sensory neural cir-
cuits and have addressed these open questions, 
scoping to unveil on how SCS may interfere 
with brain circuits relevant for pain by using 
electrophysiological and/or neuroimaging out-
come measures [12–22].

Force and, thus, movement are conditioned 
by the activation and coordination of the moto-
neurons and their muscle fibers through action 
potentials. According to the Henneman princi-
ple, motor units (MU) (alpha-motoneuron with 
all the muscle fibers it innervates) are recruited 
according to their size. This means, smaller MUs 
are recruited before larger ones, requiring lower 
stimulation intensity to be recruited [23, 24]. 
Previous studies have investigated the effect 
of SCS on motor neuron recruitment for indi-
viduals recovering from SCI [1] (data originate 
from a preprint), [2–4]. Ibañez and colleagues [3] 
studied the recruitment order of motoneurons in 
SCI patients with epidural stimulation, finding 
that there is orderly as well as inverse recruit-
ment of motoneurons. A computational model 
by Capogrosso and co-workers [25] also investi-
gated the recruitment of neurons with epidural 
stimulation, which showed the absence of direct 
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influence on motoneurons. Balaguer et al. [1] 
(data originate from a preprint) found that the 
efficacy of SCS in enhancing motor control cor-
related with the extent of preserved supraspi-
nal input. Greiner et al. [26] showed that SCS 
applied to the upper part of the spinal cord 
could activate specific nerve cells that control 
muscle through the direct stimulation of sen-
sory nerves, following a specific pattern in the 
spinal cord.

Existing research in chronic pain patients 
treated with SCS has primarily focused on neu-
rophysiological measures, such as somatosen-
sory-evoked potentials, laser-evoked potential, 
quantitative sensory testing, and/or changes in 
EEG patterns mainly using tonic (130 Hz) SCS 
[12, 13, 19, 27].

Despite these findings, it remains largely 
unknown  if SCSs intentionally applied to 
inhibit the spinal pain transmission in chronic 
pain patients interfere with motor unit function 
of the lower limbs. Therefore, the purpose of this 
prospective study was to investigate the effects 
of different SCS waveforms comparing tonic, 
burst, and sham stimulation on motor neuron 
activity in chronic pain patients quantified by 
high-density electromyography.

METHODS

Study Design and Cohort Characteristics

In this prospective, single-center study, we 
included nine chronic pain patients with 
surgically implanted SCS, consisting of five 
females and four males with a mean age 
64.67 ± 12.61 years. The research protocol was 
complying with the Declaration of Helsinki and 
was approved by the University of Erlangen 
Ethics Approvals Sub-Committee (approval no. 
19-339_2-B). All recruited subjects signed a writ-
ten informed consent for participation in the 
study.

All the participants were reviewed by an inter-
disciplinary pain board and defined as refractory 
to pharmacological and/or behavioral therapies 
suffering from chronic leg and/or lower back 
pain, with one subject having phantom limb 

pain. We specifically selected chronic pain dis-
order due to the anatomical structural integrity 
of the spinal cord and its efferent pathways in 
contrast to SCI patients. The notable difference 
is the voluntary nature of movement compared 
to previous investigations in SCI patients, where 
SCS was applied to study motor function recov-
ery. SCS electrode implantation targeted tho-
racic spinal cord level between 7 and 8 (Th 7/8) 
in each participant. A single 16-contact surgi-
cal paddle type lead (Penta; Abbott, Plano, TX, 
USA) was implanted in general anesthesia at 
spinal level Th 7/8. The paddle type lead was 
connected to an extension wire and was exter-
nalized for each subject to allow a trial of stimu-
lation lasting 7 days. Those patients achieving 
30% pain relief at the end of the trial period, 
compared to baseline, went on for permanent 
implantation of the pulse generator (Prodigy; 
Abbott). Adjustment of stimulation parameters 
were optimized to preserve pain reduction oper-
ating with sub-perceptional thresholds. Patient 
characteristics, age, sex, duration of SCS therapy, 
contact configuration and number of identified 
motor units are summarized in Table 1.

Overview of the Study and Experimental 
Protocol

This study consisted of one experimental ses-
sion, with measurements of the tibialis anterior 
(TA) muscle of the pain patient´s dominant leg. 
The preference of the TA was due to its acces-
sibility permitting a reliable and reproducible 
decomposition [28, 29]. As a baseline, we asked 
the participants to turn off the stimulation 
5–7 days prior to the study session. The measure-
ments were performed for four different stimu-
lation types of SCS and in the respective order: 
SCS “Off” (1 week), SCS burst mode (40 Hz, 
intraburst rate 500 Hz, a pulse width of 1 ms, 
interspike interval 1 ms), SCS “Off” (acute), and 
SCS tonic mode (130 Hz). The participants were 
not aware of this order, as burst SCS operates at 
a sub-perceptional level and therefore switching 
SCS Off to burst SCS was not perceived, except 
for tonic SCS, evoking paresthesia in the painful 
lower extremity (Table 2).
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Clinical SCS outcome measures included data 
collection of SCS parameters and assessment of 
pain intensity quantified by the visual analog 
scale (VAS), mood by the Beck Depression Inven-
tory (BDI) and sleep architecture using the Pitts-
burgh Sleep Quality Inventory (PSQI) before and 
after SCS therapy.

First, a warm-up phase was performed. Dur-
ing this, we asked the subjects to perform an 
ankle dorsiflexion with their perceived maximal 
voluntary torque (MVT). Then, the participants 
performed 3–5 isometric trapezoidal ramp con-
tractions with 15% of the measured MVT and 
another 3–5 ramps with 30%MVT. After that, we 
measured the MVT 3 more times and took the 
highest value as reference followed by a short 
rest phase of 2–3 min before starting to record. 
For the recordings of the muscle activity of the 
TA muscle, we used high-density surface elec-
tromyography (HDsEMG) using a multichan-
nel amplifier (Quattrocento; OT Bioelettronica, 
Torino, Italy).

For the main part of the experimental session, 
the participants performed isometric ramp con-
tractions (ankle dorsiflexion) at two different 
force levels, 15% and 30% of their MVT. The 
ramp slope was set at 10%MVT per second (1.5 s 
for 15%MVT and 3 s for 30%MVT). Between 

each ramp contraction, there was a rest of 20 s. 
The plateau was 10 s for 15%MVT and 5 s for 
30%MVT.

The order of the contractions 15%MVT and 
30%MVT was randomized. In total, three meas-
urements were performed for each force level 
(one measure for each stimulation type), in 
which the participants had to follow 3–4 iso-
metric trapezoidal ramp contractions as pre-
cisely as possible. Between each set of ramps and 
each stimulation type, there was a rest phase of 
2–3 min to avoid muscle fatigue. The order of 
measurements was SCS “Off” (1 week), burst 
SCS, SCS “Off” (acute), and tonic SCS.

HDsEMG and Force Recordings

We recorded the HDsEMG signals with a 
2048 Hz sampling frequency and bandpass fil-
ter of 20–500 Hz. Several studies have shown the 
reliability of non-invasive assessment of MU for 
force levels up to 70%MVT [30–33]. To meas-
ure EMG activity during ankle dorsiflexion, we 
placed an electrode grid (64 electrodes, intere-
lectrode distance 8 mm, 13 × 5 electrodes; OT 
Bioelettronica) above the muscle belly of the TA 
muscle of the participant’s dominant leg or the 

Table 2  Stimulation parameters (frequency (Hz), pulse width (µs), contact conficguration (bipolar), and amplitude (mA)) 
for each of the subjects given in the order of the HD-EMG measurements (SCS “off ”, burst SCS, tonic SCS).

 Hz Hertz, mA milliamperes, P-Lead 5-column paddle type lead consisting of 16 active contacts (electrode array width 
9 mm, electrode array length 25 mm), SCS spinal cord stimulation, µs microseconds

SCS off (1 week) SCS burst mode/bipolar SCS tonic mode/bipolar Lead Contacts

1 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.05 mA 130 Hz/ 500 µs/ 1.6 mA P-Lead 8 + / 13– 

2 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.35 mA 130 Hz/ 500 µs/ 1.4 mA P-Lead 3–   / 5 + / 8 + 

3 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.10 mA 130 Hz/ 350 µs/0.9 mA P-Lead 1 + / 2 + / 4– 

4 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.40 mA 130 Hz/ 500 µs/ 7.1 mA P-Lead 13 + / 14 + / 
16– 

5 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.55 mA 130 Hz/ 350 µs/ 5.1 mA P-Lead 1 + /2– 

6 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.50 mA 130 Hz/ 350 µs/ 2.3 mA P-Lead 8–   / 9–   / 10 + 

7 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.60 mA 130 Hz/ 500 µs/ 2.2 mA P-Lead 1–   / 2 + 

8 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs / 0.15 mA 130 Hz/ 500 µs/ 1.0 mA P-Lead 1–  / 2 + 
9 0 Hz/ 0 µs/ 0 mA 40 Hz/ 1000 µs/ 0.35 mA 130 Hz/ 350 µs/1.9 mA P-Lead 13–  / 16 + 
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leg with the least pain (Fig. 1b). For the partici-
pant with the prosthetic leg, we used the intact 
limb. A second electrode grid (64 electrodes, 
inter-electrode distance 10 mm, 8 × 8 electrodes; 
OT Bioelettronica) was placed above the gastroc-
nemius muscle, which is the antagonist muscle 
of the TA. Before placing the grids, we located 
the muscle belly, shaved the skin when neces-
sary, and cleaned it with 70% alcohol solution. 
The grids were prepared with a bi-adhesive foam 
layer and conduction paste (SpesMedica, Batti-
paglia, Italy). A reference electrode was placed 
on the ankle and a ground electrode on the 
wrist. The force was recorded using an ankle 
ergometer and a force amplifier ×100 (OT Bioel-
ettronica) (Fig. 1).

The force feedback was displayed in a com-
puter monitor positioned in front of the par-
ticipants. We recorded the force signals with the 
OTBioLab + software (OT Bioelettronica) concur-
rent with the EMG recordings.

HDsEMG: Decomposition and Analysis

Before decomposing the data, we chose two 
isometric ramps for each stimulation type and 
force level considering the best performance 
at the ramp up phase. In total, 8 isometrics 
ramps (2 of each stimulation type at the same 
force level) were combined in one file, in order 
to track the same motor units across the con-
ditions. We then decomposed the data with 
the convolution kernel compensation (CKC) 
method in DEMUSE, a decomposition tech-
nique by Holobar and Zazula [32]. With this 
method, it is possible to extract individual MUs 
discharge patterns [32, 34]. Afterwards, the 
data had to be inspected visually and cleaned 
manually according to the tutorial by Del Vec-
chio et al. [35]. We eliminated the MUs with 
a pulse-to-noise ratio (PNR) below 26 decibels 
(dB). PNR is the ratio between baseline noise 
and spikes identified with the CKC method. 
The higher the ratio, the higher the sensitivity 
[30, 32].

We analyzed the MU activity for each force 
level, computing: recruitment threshold (min-
imum level of muscle activation required to 
activate a MU) de-recruitment threshold (level 
of muscle activation below which a previ-
ously recruited MU becomes inactive again), 
discharge rate (frequency at which individual 
MUs fire action potentials) at recruitment, pla-
teau, de-recruitment, across the contraction 
and inter-pulse interval variability (assesses 
how consistent or irregular the timing is 
between the electrical signals produced by dif-
ferent MUs).

In addition, we calculated the coherence, 
which represents the common synaptic input 
to the motor neuron. The coherence was ana-
lyzed within groups of motor units, consisting 
of the cross-correlation of the spike trains of 
motor unit groups in the frequency domain. 
This analysis was performed only for the steady 
part of the contractions. The motor units were 
split into two equally sized groups, which 
were then randomly rearranged 100 times. 
With each iteration, the group sizes increased, 
with at least one motor unit per group and 
a maximum of half of the total number of 

Fig. 1  A Placement of the electrodes TH7/8 and the 
implanted pulse generator with the stimulation types used 
in our study. B Placement of the EMG electrodes above 
the muscle belly of the tibialis anterior muscle. C Setup of 
the experiment with an ankle dynamometer with a force 
amplifier, the HDsEMG and the ramps to be performed 
shown on the screen. D Example of a ramp at 15%MVT 
performed by subject 3 with the number of MU activated. 
(A–C created with BioRender.com)
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motor units. Subsequently, we calculated the 
cross-correlation of each group pair, and the 
average coherence after the 100 permutations 
was employed for analysis [36]. We averaged 
the coherence and calculated the coherence 
area (area under the curve) across stimulation 
conditions for the different bandwidths: delta 
(1–5 Hz), alpha (5–12 Hz), beta (15–30 Hz), and 
gamma (30–80 Hz). We calculated the coher-
ence threshold as the average value between 
the frequencies 100–250 Hz.

Statistical Analysis

We applied non-parametric statistics in this 
study, as our sample size was small (n = 9 for 
15%MVT and n = 8 for 30%MVT) and the data 
were not normally distributed (Shapiro–Wilk 
test, p > 0.05). To compare the four groups SCS 
“Off” (1 week), burst SCS, SCS “Off” (acute), and 
tonic SCS we used the Friedman Test. For each 
subject, we selected two ramps for each stimu-
lation type, during which a subset of MUs was 
activated. The average of each analyzed variable 
across of all the MUs for both ramps was calcu-
lated, resulting in a single value per stimulation 
type and per subject. Subsequently, the Fried-
man test was conducted employing one value 
per stimulation type and subject. Nine values 
were used for 15%MVT for the Friedman test and 
eight for 30%MVT. In case there was a signifi-
cant difference, we performed the Dunn–Bonfer-
roni post hoc test for pairwise comparison. For 
all statistical tests, a level of significance of 0.05 
was applied.

RESULTS

SCS Stimulation Parameters and Clinical 
Responsiveness

At the first HD-EMG measurements, all the par-
ticipants were 7 days under SCS “Off”, at the 
second HD-EMG measurements operating under 
a burst SCS mode (0.05–0.6 mA; intensity five 
1-ms pulses with 500-Hz intra-burst frequency 
delivered with 40-Hz frequency; passive recharge 
balance), and the third HD-EMG measurement 

tonic SCS mode was active under the following 
conditions: intensity 0.9–7.1  mA; frequency 
130–150 Hz; amplitude 350–500 μsec; bipolar 
active configuration. Clinical improvement com-
paring pre- versus post-SCS observed changes 
in pain intensity VAS reduction [average 37% 
reduction (14–67%)], mood [BDI decline 29% 
(18–71%)], and sleep quality [PSQI 14% decrease 
(10–40%)] after an average of 22 months (rang-
ing from 3 to 30 months) with adjunctive SCS 
therapy (Table 1).

Number of Identified Motor Units

Figure 1 presents the experimental setup, the 
position of the electrodes in the epidural space 
with a description of the stimulation types used 
in our study as well as an example of a ramp 
at 15%MVT with the MUs activated during this 
ramp.

In total, 97 MUs were found for 15%MVT 
and 83 for 30%MVT, an average of 10.8 ± 3.7 for 
15%MVT and 10.4 ± 3.5 for 30%MVT. Table 1 
shows the number of MUs found for each 
patient and their MVT.

Recruitment and De‑recruitment Threshold

Interestingly, we found no significant difference 
of the recruitment and de-recruitment threshold 
between the stimulation types and the SCS Off 
conditions at 15%MVT and 30%MVT. For the 
recruitment threshold, the p value of the Fried-
man test was 0.706  (Chi2 = 1.4) at 15%MVT and 
0.789  (Chi2 = 1.05) at 30%MVT. The p value for 
the de-recruitment threshold at 15%MVT was 
0.115  (Chi2 = 5.933) and 0.717  (Chi2 = 1.35) at 
30%MVT (Fig. 2).

Discharge Rate and Interpulse Interval 
Variabilities

Neither the discharge rate across contraction 
nor at recruitment, plateau, or de-recruitment, 
showed significant differences at 15%MVT 
and 30%MVT. The p values at 15%MVT were 
0.586  (Chi2  =  1.933), 0.737  (Chi2  =  1.267), 
0.706  (Chi2 = 1.4) and 0.586  (Chi2 = 1.933), 
respectively. The p values of the Friedman test 
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at 30%MVT were 0.896  (Chi2  =  0.6), 0.583 
 (Chi2  =  1.95), 0.896  (Chi2  =  0.6) and 0.256 
 (Chi2 = 4.05) (Fig. 3).

The variability of the interspike interval at 
15%MVT showed median values of 17.534 
(IQR 8.226) for SCS “Off” (1  week), 14.115 
(IQR 7.465) for burst SCS, 13.369 (IQR 6.161) 
for SCS “Off” (acute), and 15.596 (IQR 5.278) 
for tonic SCS. At 30%MVT, a median of 13.743 
(IQR 7.691) for SCS “Off” (1 week), 14.14 (IQR 
3.169) for burst SCS, 16.076 (IQR 6.342) for SCS 
“Off” (acute), and 17.534 (IQR 6.556) for tonic 
SCS was observed. For the interpulse interval 

variability, we did not find a significant dif-
ference at 15%MVT and 30%MVT (p = 0.392, 
 Chi2  =  3 (15%MVT); p  =  0.494,  Chi2  =  2.4 
(30%MVT)).

Coherence Analysis

For the coherence, there was no significant dif-
ference (p > 0.05) between the different stimula-
tion types for the delta (0–5 Hz), alpha (5–12 Hz), 
and beta (15–30 Hz) bands at both force levels. 
There was only a significant difference for the 
gamma band (30–80 Hz) for 30%MVT between 
burst SCS and tonic SCS (p = 0.004) (Fig. 4).

Although we did not find significant differ-
ences across the subjects, we found that there 
were significant subject specific differences 
between the stimulation types (‘Supplementary 
Material’).

DISCUSSION

Brief Summary and Interpretation of Study 
Findings

Our results indicate that thoracic stimulation of 
the spinal cord using different waveforms (burst 
vs. tonic vs. acute and chronic off) has no signif-
icant effect on the recruitment, discharge rate, 
and coherence of the motoneurons in chronic 

Fig. 2  Boxplots at 15%MVT and 30%MVT for the 
recruitment and de-recruitment threshold  using the aver-
age of MU across the subjects comparing the Off condi-
tions and the different stimulation types. RT recruitment 
threshold, DRT de-recruitment threshold

Fig. 3  Boxplots of discharge rate across contraction, at 
plateau, at recruitment and de-recruitment at 15%MVT 
and 30%MVT comparing SCS “Off ” (1 week), burst SCS, 

SCS “Off ” (acute), and tonic SCS using the average of 
MUs across the nine subjects. DR discharge rate
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pain patients. Although the stimulation was 
not targeted to motor neurons innervating the 
tibialis anterior muscle, we expected that some 
oscillatory activity would still be present at the 
motor unit level at specific bandwidths accord-
ing to the stimulation parameters.

Recruitment and de-recruitment thresholds 
exhibited no statistical differences among SCS 
tonic versus burst mode compared to the SCS 
Off condition, reflecting comparable excitability 
patterns. In contrast, Ibañez et al. [3] observed 
that epidural stimulation of the spinal cord in 
individuals with SCI can induce motor neu-
ron recruitment patterns characterized by both 
orderly, size-dependent recruitment, and inverse 
recruitment trends. Other neurostimulation 
types such as neuromuscular electrostimulation 
does not conform to Henneman’s size principle 
in terms of MU recruitment [23, 37].

Analysis of discharge rates throughout differ-
ent contraction phases revealed no significant 
variations at 15%MVT and 30%MVT. This sug-
gests stability in MU firing patterns irrespective 
of the applied stimulation paradigm. Moreover, 
interspike interval variability analysis indicated 

no significant differences, signifying temporal 
consistency in MU discharge patterns under 
various spinal cord stimulation patterns. In addi-
tion, examining the coherence across different 
frequency bands, we found no substantial differ-
ences at either force levels.

Comparison with Published Experimental 
and Clinical Data

Computational models and other experimental 
studies have demonstrated that SCS especially 
affects large-diameter afferent fibers of the spi-
nal cord, which are responsible for the sensory 
input, and motoneurons are not directly influ-
enced by SCS using the frequency range present 
in our study protocol, which is in accordance 
with our results [4, 25, 38, 39]. However, a com-
puter simulation study showed that epidural 
stimulation having larger pulse widths can influ-
ence the motor system [40]. In an experimental 
approach, a previous study using adult cats has 
also shown that epidural stimulation operat-
ing at a lower amplitude current and long pulse 

Fig. 4  A Coherence of subject 8 at 15%MVT in the 
order SCS Off (1  week), burst SCS, SCS Off (acute), 
and tonic SCS. B Boxplots of the coherence for the delta 
(1–5 Hz), alpha (5–12 Hz), beta (15–30 Hz), and gamma 

(30–80  Hz) bands comparing the conditions SCS “Off ” 
(1 week), burst SCS, SCS “Off ” (acute), and tonic SCS at 
15%MVT and 30%MVT, using the average of MUs across 
the subjects,
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width can interfere with motor neuron path-
ways [41].

A comprehensive examination combining 
computational models, intraspinal electrophysi-
ological measures in monkeys, and single motor 
unit recordings in humans with motor paralysis 
(SCI) revealed that SCS activates motoneuron 
action potentials, and that residual supraspinal 
inputs might be of relevance for this activity. 
This study implies that the efficacy of SCS in 
facilitating motor control may be inversely pro-
portional to the severity of supraspinal axon loss 
[1] (data originate from a preprint). However, 
in our study, we did not see an impact of SCS 
on motor unit behavior in chronic pain patients 
supposedly not having supraspinal axon loss. 
Overall, our findings align with results of prior 
investigations employing distinct forms of non-
invasive brain stimulation technique. A study 
employing transcranial alternating current stim-
ulation specifically targeting the motor cortex 
area yielded concordant results, revealing no 
statistically significant alternations in motoneu-
ron activity [42]. Our results demonstrated some 
intra-individual variabilities; however, there was 
no specific pattern, and, for each subject, we 
found diverse differences between the stimula-
tion conditions (‘Supplementary Material’).

These differences could occur due to a train-
ing effect  over time, as the participants’ perfor-
mance improved in following the ramps, even 
though they practiced following the ramps dur-
ing the warmup. Notably, some participants 
complained increased pain levels at the begin-
ning, leading to difficulties while executing the 
movement due to the 7 days with the SCS Off 
condition. These observations supported the 
therapeutic effects of the SCS therapy as an 
adjunctive pain intervention.

Limitations and Biasing Considerations

Finally, several potential limitations need to 
be considered. First, the small sample size pro-
motes potential biases in the results and limits 
the statistical power of the conclusions of our 
study. Secondly, the TA muscle is innervated 
by the segments L5/S1, and the SCS leads in 
our study were intentionally implanted and 

applied for pain at level Th7/8, explaining the 
lack of observed effects and highlighting the 
sensory-focused nature of SCS in this context. 
Lastly, the heterogeneity of the study cohort, 
the duration and variability of the applied 
stimulation parameters and waveforms, along 
with the lack of HD-EMG measures after signifi-
cantly upregulated SCS amplitudes and inten-
sities. However, it cannot be excluded, that 
intensity, frequency, and amplitude at a higher 
range may have evoked an increased motoneu-
rons recruitment in our chronic pain cohort. 
In other studies, analyzing the TA muscle and 
assessing SCI participants or using computa-
tional models, stimulation was located above 
lumbosacral segments of the spinal cord [3, 25, 
38]. A study by Rattay et al. [38] demonstrated 
that the recruitment threshold of muscles in 
the legs relies on the placement of the cathode 
electrode. Greiner et al. [26] showed that the 
efficacy of SCS in eliciting muscle-controlling 
nerve cell activation in the upper signal region 
is contingent upon the direct stimulation of 
sensory nerves in a specific spinal pattern, 
necessitating optimal electrode placement on 
the lateral aspect of the spine. However, in 
our study, the epidural electrodes were placed 
in the anatomical midline of the spinal cord 
confirmed by intra-operative image guidance, 
which could in part explain our findings. This 
is of importance as the anatomic mid-line may 
not represent the neurophysiological midline. 
These findings are in line with another study 
using transcutaneous stimulation of the spinal 
cord observing that motor fibers are more likely 
to be activated by caudal stimulation over L5/
S1 [43]. It is noteworthy  that, although the 
participants in this study did not suffer from 
motor impairment of the lower extremities 
(contrary to the patients with SCI receiving 
SCS), their motoneurons could still differ from 
healthy patients, as chronic pain can lead 
to protective posture and over time promot-
ing abnormal and/or altered motor function 
[44]. For instance, Martinez-Valdes et al. [45], 
among other studies, demonstrated that pain 
could modify synaptic input of the motor neu-
ron pool leading to the assumption that dete-
riorated motor unit behavior could present in 
chronic pain patients [45–48].
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CONCLUSIONS

Our study’s findings indicate that thoracic spi-
nal cord stimulation does not appear to exert 
any discernible influence on the recruitment of 
motoneurons across diverse spinal cord stimula-
tion patterns compared to SCS “off”. Although 
generalization of the study findings is limited 
and does not provide high-class evidence, the 
rationale of the study appears to be reason-
able, as structural and functional alterations of 
peripheral nerves may promote altered move-
ment patterns, muscle imbalances, or deterio-
ration of posture, which in turn could drive 
chronic pain maintenance.

However, these paucities may not limit the 
value, and efforts undergone to execute this 
study as these objective measures may hold 
valuable clinical potential. This study protocol 
should be re-examined under large-scale and 
randomized study protocols specifically assess-
ing several levels of the spinal cord (e.g., cer-
vical, thoracal, and lumbosacral), which could 
yield a higher evidence level.
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