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SUMMARY

Transcutaneous spinal stimulation (TSS) is a promising approach to restore upper-
limb (UL) functions after spinal cord injury (SCI) in humans. We sought to demon-
strate the selectivity of recruitment of individual UL motor pools during cervical
TSS using different electrode placements. We demonstrated that TSS delivered
over the rostrocaudal and mediolateral axes of the cervical spine resulted in a
preferential activation of proximal, distal, and ipsilateral UL muscles. This was re-
vealed by changes in motor threshold intensity, maximum amplitude, and the
amount of post-activation depression of the evoked responses. We propose
that an arrangement of electrodes targeting specific UL motor pools may result
in superior efficacy, restoring more diverse motor activities after neurological in-
juries and disorders, including severe SCI.

INTRODUCTION

Neuromodulation of sensorimotor networks within the cervical and lumbosacral spinal cord via epidural
(ESS) or transcutaneous (TSS) electrical spinal stimulation has been shown to have both immediate and
long-term effects on motor function after spinal cord injury (SCI) (Hachmann et al., 2021; Mc Hugh et al,,
2021; Taylor et al., 2021). These ESS- and TSS-induced neuromodulatory effects are achieved via physi-
ological activation of afferents, interneurons, and projecting motor neurons resulting in an augmentative
effect of spinal stimulation on voluntary motor output (Minassian and Hofstoetter, 2016; Taccola et al.,
2018). Furthermore, the effects of spinal stimulation are attributed to the synergism between electrically
excited neural networks and descending commands (Atkinson et al., 2022; Gerasimenko et al., 2017,
Roberts et al., 2021; Steele et al., 2021). Specifically, both ESS and TSS can promote standing and step-
ping, as well as volitional activation of otherwise paralyzed lower-limb (LL) muscles (Angeli et al., 2018;
Gill et al., 2018; Grahn et al., 2017; Rowald et al., 2022; Sayenko et al., 2019). These remarkable clinical
outcomes demonstrated in LL functions have prompted several experimental trials to determine if spinal
stimulation could be used to improve upper-limb (UL) function following SCI (Flores et al., 2021). While
some clinical studies administering ESS and TSS have shown success in improving hand grip force
(Freyvert et al., 2018; Gad et al., 2018; Inanici et al.,, 2018; Lu et al., 2016), limited data exist on 1) the
effects of spinal stimulation therapy on other UL functions (including shoulder, elbow, and wrist
flexion/extension), 2) objective electrophysiology outcomes, and 3) distinction between restorative and
compensatory motor improvement following cervical spinal stimulation interventions. This decreased
knowledge of the mechanisms of cervical spinal stimulation may be attributed to the difference between
UL and LL descending control and biomechanics (Alstermark and Isa, 2012; Grillner, 2003; Moreno-Lopez
et al., 2021; Sauerbrei et al., 2020).

In addition, anatomical differences determining feasibility of targeting specific motor pools within the
lumbosacral and cervical spinal enlargements can play an important role in the success of improvement
of specific UL movement patterns. Due to variation in spinal curvature and inter-rootlet anastomoses within
the cervical enlargement, electrical activation of UL agonists and antagonists in a non-targeted manner can
impede particular single-joint movements since the current is spread over a larger area of the cord. Further-
more, given the intrinsic complexity of cervical spinal neural networks, continuous non-patterned stimula-
tion can excite adjacent motor pools simultaneously, irrespective of movement phase (Barra et al., 2021),
and limit the efficacy of spinal neuromodulation therapy. Finally, non-targeted and non-patterned stimu-
lation of the sensory afferents can disrupt natural movement-induced afferent inputs (Formento et al.,
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Figure 1. Cervical spinal map by epidurally evoked motor pools and cathode electrodes of transcutaneous
electrical spinal stimulation

(A) Distribution of motor pools projecting to upper-limb muscles based on the segmental charts provided by (McIntyre
etal., 2002). BIC: biceps brachii, TRI: triceps brachii, FCR: flexor carpi radialis, ECR: extensor carpi radialis, APB: abductor
pollicis brevis, ADM: abductor digiti minimi.

(B) Electrode array with sixteen stimulation sites.

etal., 2021; Omrani et al., 2016; Sauerbrei et al., 2020). The effects of non-specific and non-patterned cer-
vical spinal stimulation may vary after cervical SCI, depending on the lesion which can occur across different
segments and impact rostrocaudal and mediolateral motor pools to different extents, including lower
motoneuron lesions impacting the potential of neuromodulation interventions to regain function. Alterna-
tively, proper and individual selection of the spinal stimulation location to target selective cervical dorsal
roots and promote specific movements or functions may overcome the above-mentioned negative effects.
At the same time, the extent of selectivity at different motor pools’ recruitment during cervical TSS in hu-
mans remains unclear, so appropriate utilization of this selectivity may be critical for the therapeutic and
functional efficacy of TSS.

The purpose of this study was to demonstrate the characteristics of TSS-evoked motor potentials using
different stimulation electrodes’ configurations. We characterized the recruitment patterns of different mo-
tor pools innervating UL muscles in neurologically intact individuals using TSS along the rostrocaudal and
mediolateral axes of the cervical spinal enlargement (Figure 1A). We hypothesized that by using specific
stimulation locations, the recruitment of individual UL motor pools will be different as revealed by motor
threshold intensity, maximum amplitude, and the amount of post-activation depression. This will assist
in the determination of a preferential activation of proximal versus distal, and left versus right UL muscles,
based on the selective activation of the dorsal roots and motor pools. The resulting spatial activation pat-
terns should yield an electrophysiological map that reflects the responsiveness of various motor pools pro-
jecting to the UL muscles, thus assisting in the selection of the more effective stimulation sites for facili-
tating performance of a given motor task.

RESULTS

Spatial patterns of activation of motor pools along the rostrocaudal axis of the cervical spinal
cord

Figure 2 demonstrates the evoked responses in left BIC, FCR, and APB to double-pulse TSS
delivered along the rostrocaudal axis in a representative participant. For BIC, the maximum response
(MaxR) of the first response (R1) was the largest during stimulation at ELO3, whereas the responses in
FCR and APB were the largest at EL11. The suppression of the second response (R2) occurred in BIC
and FCR during stimulation at ELO3, ELO7, and EL11; in APB, suppression occurred at ELO7, EL11, and
EL15.

Figure 3A presents the recruitment curves of all tested UL muscles during stimulation at the sites along the
rostrocaudal axis. The intensity required to induce the responses increased as the stimulation site moved
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Figure 2. Examples of responses of the upper-limb muscles to double-pulse TSS along the rostrocaudal
stimulation sites

The first (R1) and second responses (R2) elicited with the stimulation placed over ELO3, ELO7, EL11, and EL15 are shown for
BIC, FCR, and APB for a representative participant (see pooled data for the R2/R1 ratio in Figure 3F). Stimulation intensity
ranged from 20 to 100 mA for each site. TSS: transcutaneous spinal stimulation, BIC: biceps brachii; FCR: flexor carpi
radialis; APB: abductor pollicis brevis muscles.

caudally. Specifically, the motor threshold (MT) of BIC, TRIC, and FCR was lower during stimulation at the
rostral sites (ELO3 and ELO7) than caudal sites (EL11 and EL15). The amplitudes at rostral stimulation site at
ELO3 were larger for BIC, TRIC, and FCR while caudal stimulation sites at EL15 produced larger amplitudes
for APB. FCR produced largest amplitude at stimulation site at ELO7 and EL11.

Figure 3B shows the heatmap of the MT in the UL muscles during stimulation along the rostrocaudal axis.
Our results demonstrated main effects in MT between rostrocaudal stimulation sites (x*(3) = 93.056, p <.05).
When stimulation was delivered at ELO3, all listed muscles exhibited their lowest raw MT intensities (“raw”
values: BIC 30.5+6.1 mA, TRIC 38.6+11.9 mA, FCR31.4+6.0 mA, ECR 31.8+7.5 mA, APB 33.24+10.8mA,
and ADM 33.6+10.0mA) with no differences in the MT among the UL muscles. At caudal sites of stimula-
tion, MT gradually increased, with more distinct differentiation between the proximal and distal muscles.
Specifically, after normalizing MT values at FCR ELO7, the difference in MT first reached statistical signifi-
cance between TRIC and FCR during stimulation at ELO7 (TRIC 1.310£0.301, FCR = 1.0, p < .05) (Figure 3C).
The largest MT differences between proximal and distal muscles occurred during stimulation at EL11 and
EL15. There were main effects of MTs across all tested UL muscles (XZ(S) =26.648, p < 0.05). Post-hoc com-
parisons revealed that MT was lower for BIC during stimulation at ELO3 compared to the EL11 and EL15
(ELO3: 0.922+0.180, EL11: 1.57140.310, EL15: 1.874+0.399, p < 0.001), for TRI during stimulation at
ELO3 vs. EL15 (ELO3: 1.16140.323 vs. EL15: 1.755+0.366, p < 0.01), as well as for FCR during stimulation
at ELO3 (ELO3: 0.942+0.111 vs. EL15: 1.504+0.262, p < 0.01) and ELO7 (ELO7 FCR = 1 vs. EL15:
1.50440.262, p < 0.05) vs. EL15 (Figure 3C). The heatmap pattern and statistical analysis indicate that
the stimulation over the rostral sites of the cervical spinal cord is equally effective and reveals the lowest
MT for both proximal and distal UL muscle activation, whereas caudal stimulation over the cervical spinal
cord is more preferential for the distal UL muscles.
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Figure 3. Responses of upper-limb muscles during TSS delivered along the rostrocaudal axis

(A) Recruitment curves of left BIC, TRIC, FCR, ECR, APB, and ADM during stimulation delivered at EL03, ELO7, EL11, and
EL15. Responses were normalized for each muscle using the maximum value (MaxR) across all amplitudes and sites.
(B) Heatmap of motor thresholds (MT) of the UL muscles. The MT values for each muscle were normalized to the MT of FCR
at ELO7.

(C) Averaged data of the MT intensity at rostrocaudal stimulation sites (see also Table S3).

(D) Parallel coordinates plots between rostrocaudal stimulation sites to the upper limb muscles derived from maximum
response. Individual muscles are grouped along the right of the plot. Thickness of connections denotes the amplitude of
the maximum motor response.

(E) Averaged data of the MaxR at rostrocaudal stimulation sites.

(F) Averaged data of the R2/R1 ratio at rostrocaudal stimulation sites. Box range was set as percentage 25%-75%, bold
vertical red lines in boxplots present the median values, and whiskers indicate the 95% confidence interval. A post-hoc
Holm-Bonferroni correction was carried out for multiple comparison within figures. Significant differences are indicated
with vertical lines. Dotted lines: p < 0.05; dashed lines: p < 0.01; and solid lines: p < 0.001. TSS: transcutaneous spinal
stimulation, BIC: biceps brachii; TRIC: triceps brachii; FCR: flexor carpi radialis; ECR: extensor carpi radialis; APB:
abductor pollicis brevis; ADM: abductor digiti minimi.

Figure 3D illustrates the relationship between the rostrocaudal stimulation sites and the MaxR of the UL
muscles. Stimulation at ELO3 and ELO7 evoked a larger response for BIC, FCR, and APB compared to
more caudal stimulation sites. There were main effects of MaxR between rostrocaudal stimulation sites
(x%(3) = 23.653, p < 0.001) (Figure 3E). Post-hoc comparisons revealed that the MaxR was higher for BIC
vs. ADM (BIC: 58.65+35.84 vs. ADM: 35.58+27.63, p < 0.05) as well as for FCR and APB vs. ADM during
stimulation at ELO3 (FCR: 55.9025.21, APB: 67.87 +36.00, vs. ADM: 35.58+27.63, p < 0.05). The MaxR
was higher for FCR vs. TRIC, ECR, and ADM during stimulation at ELO7 (FCR: 71.97 £27.22 vs. TRIC:
33.53+18.36, ECR: 37.03+18.21, ADM: 35.80+30.85, p < 0.01). The MaxR was higher for FCR and APB
vs. BIC, TRIC, and ADM during stimulation at EL11 (FCR: 47.604+36.87, APB: 77.27 £29.32 vs. BIC:
26.45+31.21, TRIC: 26.93+27.33, ADM: 38.34+33.36, p < 0.05), as well as for APB vs. BIC, TRIC, FCR,
ECR, and ADM during stimulation at EL15 (APB: 78.85+26.89 vs. BIC: 19.174+28.18, TRIC: 31.63+31.34,
FCR: 44.75+39.38, ECR: 42.88+32.92, ADM: 37.81+27.43, p < 0.05). In addition, there were main effects
in MaxR between all tested UL muscles (x3(5) = 30.366, p < 0.001). The MaxR of BIC was higher at ELO3
compared to EL11 (ELO3: 58.65+35.84 vs. EL11: 26.454+31.21, p < 0.05) and EL15 (EL15: 19.17 £28.18,
p <0.001), as well as at ELO7 compared to EL15 (ELO7: 50.41 £39.26, p < 0.05). The MaxR of FCR was higher
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Figure 4. Probability of the upper-limb muscle response during stimulation along the rostrocaudal axis

The values in the box are calculated based on the motor threshold (MT), maximum response (MaxR), and amount of post-
activation depression (R2/R1 ratio). Probabilities of muscle activation are illustrated by the opacity of different colors
aligned with the stimulation electrodes. UA: upper arm; FA: forearm; HD: hand, BIC: biceps brachii; TRIC: triceps brachii;
FCR: flexor carpi radialis; ECR: extensor carpi radialis; APB: abductor pollicis brevis; ADM: abductor digiti minimi.

at ELO3 (ELO3: 55.90+25.21 vs. EL15: 44.75+39.38, p < 0.05) and ELO7 (ELO7: 71.97 £27.22, p < 0.01)
compared to EL15. As the site of stimulation shifted caudally, the MaxR of all studied muscles except
APB was reduced in amplitude (p < 0.001).

Analysis of the R2/R1 ratio revealed inhibition of R2 across different muscles (2(5) = 17.560, p < 0.01) (Fig-
ure 3F). The R2/R1 ratio was lower for BIC compared to TRIC during stimulation at ELO3 (BIC: 0.493+0.223,
TRIC: 0.683+0.155, p < 0.05). The R2/R1 ratio was lower for APB compared to BIC and ECR, and for FCR vs.
ECR at ELO7 (BIC: 0.661+0.340, FCR: 0.503+0.258, ECR: 0.711+0.172, APB: 0.4704+0.206, p < 0.05) as well
as for ABP vs. BIC and FCR at EL15 (BIC: 0.583+0.217, FCR: 0.554+0.289, APB: 0.363+0.178, p < 0.05).
Post-hoc comparisons revealed that the R2/R1 ratio was lower for TRIC during stimulation at EL15
compared to ELO3 (EL15: 0.455 + 0.146, EL03: 0.683 + 0.155), as well as for ECR during stimulation at
EL15 than ELO7 (EL15: 0.507 + 0.212 vs. ELO7: 0.711 £ 0.172). Statistical analysis showed the effects of
the electrode position on the R2/R1 ratio in individual muscles; however, there was no significant difference
between proximal and distal muscles.

Figure 4 shows the probability of activation of motor pools projecting to proximal and distal UL muscles
during stimulation along the rostrocaudal axis. The probability of activation of BIC was the highest at
ELO3. TRIC and FCR at ELO7, ECR and APB at EL15, ADM at EL11.

Spatial patterns of activation of motor pools along the mediolateral axis of the cervical spinal
cord

Figure 5 exemplifies the evoked responses in left and right BIC, FCR, and APB to double-pulse TSS deliv-
ered at the lateral (ELO1 and ELO9) and midline (ELO3 and EL11) sites in a representative participant. During
stimulation at ELO1, larger responses were observed in BIC and APB, whereas the responses in FCR did not
demonstrate clear relationship with the ipsilateral vs. midline stimulation. During stimulation at EL09, the
larger responses were observed in APB, whereas the responses in BIC and FCR did not demonstrate clear
relationship with the ipsilateral vs. midline stimulation. In this example, the R2 in contralateral BIC and FCR
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Figure 5. Examples of responses of the left and right upper-limb muscles to double-pulse TSS at lateral (EL01 and
EL09) and midline stimulation sites (EL0O3 and EL11)

The first (R1) and second responses (R2) elicited with the stimulation placed each electrode are shown for BIC, FCR, and
APB for a representative participant. Stimulation intensity ranged from 20 to 100 mA for each site. TSS: transcutaneous
spinal stimulation, BIC: biceps brachii; FCR: flexor carpi radialis; APB: abductor pollicis brevis muscles.

was suppressed during stimulation at ELO1 but not at ELO3; whereas in ipsilateral APB the R2 was sup-
pressed during stimulation at ELO1 and ELO9 but not at ELO3 and EL11 for an exemplary participant.

Figure 6 demonstrates the relationship between stimulation at the ipsi- and contralateral sites at the rostral
and caudal cervical spinal cord. Preferential activation of BIC and FCR was evident during ipsilateral stim-
ulation at rostral lateral sites and during stimulation over the midline at caudal sites. APB demonstrated
preferential activation during stimulation at both rostral and caudal ipsilateral sites.

Figure 7 shows the analysis of the MT, MaxR, and R2/R1 ratio during stimulation over the lateral (ELO1, ELO5,
ELO9, and EL13), mid-lateral (ELO2, ELO4, EL10, and EL12), and midline (ELO3 and EL11) sites. There were
main effects of MTs across all tested UL muscles at rostral (x2(5) = 39.109, p < 0.001) and caudal mediolat-
eral sites (x2(5) = 113.084, p < 0.001) (Figures 7A and 7B). Post-hoc comparisons revealed that the MT was
higher for BIC during stimulation at ELO1 compared to the ELO3 (ELO1: 1.2740.29, EL03: 0.92+0.17,
p < 0.05). The MT was higher for TRIC vs. FCR and ECR during stimulation at ELO1, for TRIC vs. FCR,
ECR, and APB, as well as for BIC vs. ECR during stimulation at ELO4. Post-hoc comparisons revealed that
the MTs were consistently lower for FCR, ECR, APB, and ADM, as compared to those in BIC and TRIC during
stimulation at caudal mediolateral sites. The effects of the site of stimulation revealed the difference in BIC
during stimulation via lateral (ELO9 and EL13) vs. midline (EL11) sites (ELO9: 2.186+0.726, EL11:
1.571£0.296, EL13: 2.217 £0.917, p < 0.001).
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Figure 6. Ipsilateral upper-limb muscle activation during TSS delivered along the mediolateral axis of the cervical
spinal cord
Heatmap pattern of motor evoked responses with ipsilateral versus contralateral stimulation sites using normalized MaxR
for left and right BIC, FCR, and APB for the rostral mediolateral (ELO1, ELO2, ELO3, ELO4, and ELO5) and caudal
mediolateral (ELO9, EL10, EL11, EL12, and EL13) stimulation sties.

There were main effects of MaxR across all tested UL muscles at rostral (x2(5) = 42.012, p < 0.001) and
caudal mediolateral sites (x2(5) = 90.811, p < 0.001) (Figures 3C and 3D). During stimulation via both rostral
and caudal lateral sites (ELO1, ELO5, ELO9, EL10, EL12, and EL13), APB produced larger MaxR as compared
to the other muscles (Figures 7C and 7D). The effects of lateral vs. midline sites were found in APB during
both rostral (ELO1: 258.27 £193.42, p < 0.01; EL05: 270.65+210.23, p < 0.001) (Figure 7C) and caudal me-
diolateral sites (ELO9: 336.99+435.75, p < 0.05; EL13: 438.99+600.54, p < 0.001) as well as lower MaxR in
FCR during rostral sites at ELO1 (FCR: 86.338+48.997, p < 0.05) (Figure 7D).

There were main effects of inhibition of R2 across all tested UL muscles at rostral (2(5) = 20.330, p < 0.01)
and caudal (¢2(5) = 30.594, p < 0.001) mediolateral sites. For the rostral mediolateral sites (Figure 7E), the
R2/R1 ratio was lower for BIC compared to TRIC during stimulation at ELO2 (BIC: 0.488 +0.295 vs. TRIC:
0.714+£0.152, p < 0.05), as well as for BIC vs. ECR and ADM at ELO4 (BIC: 0.421+0.217 vs. ECR:
0.664+0.157, ADM: 0.679+0.240, p < 0.05). The R2/R1 ratio was lower for APB compared to TRIC, ECR
and ADM at ELOT (APB: 0.419+0.209 vs. TRIC: 0.614+0.245, ECR: 0.609+0.152, ADM: 0.610+0.231,
p < 0.05), and for APB vs. ECR at ELO2 (APB: 0.537 +0.239 vs. ECR: 0.755+0.157, p < 0.05). The R2/R1 ratio
of FCR was lower at ELO3 compared to ELO5 (ELO3: 0.456 +0.223 vs. EL0O5: 0.656+0.204, p < 0.05) and of
ECR at ELO5 vs. ELO2 (EL05:0.521+0.216 vs. EL02: 0.7554+0.157, p < 0.05). For the caudal mediolateral sites
(Figure 7F), the R2/R1 ratio was lowered for ECR compared to BIC and TRIC at EL09, for APB vs. BIC, TRIC
and ADM at ELO9, and BIC, TRIC, and ECR at EL10, for ADM vs. BIC, TRIC, and ECR at EL10, as well as for
APB and ADM vs. TRIC at EL12. The R2/R1 ratio of ECR was lowered at EL09 compared to EL10 (ELO9:
0.443+0.130 vs. EL10: 0.630+0.226, p < 0.05).

Figure 8 shows the probability of activation of the UL motor pools during stimulation along the rostral and
caudal mediolateral axes. During stimulation at rostral mediolateral sites, probability of activation of BIC
was the highest at the midline site (EL03), TRIC, FCR, ECR, and APB—at mid-lateral sites, ADM—at lateral
site (Figure 8A). During stimulation at caudal mediolateral sites, probability of activation of BIC, TRIC, and
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Figure 7. Statistical comparison between six of upper-limb muscles during TSS delivered along the mediolateral
axes

(A) Averaged data of the MT intensity at rostral mediolateral stimulation sites (see also Table S3).

(B) Averaged data of the MT at caudal mediolateral stimulation sites (see also Table S3).

(C) Averaged data of the MaxR at rostral mediolateral stimulation sites.

(D) Averaged data of the MaxR at caudal mediolateral stimulation sites.

(E) Averaged data of the R2/R1 ratio at rostral mediolateral stimulation sites.

(F) Averaged data of the R2/R1 ratio at caudal mediolateral stimulation sites. Box range was set as percentage 25%-75%,
bold horizontal red lines in boxplots present the median values, and whiskers indicate the 95% confidence interval. A
post-hoc Holm-Bonferroni correction was carried out for multiple comparison within figures. Significant differences are
indicated with horizontal lines. Dotted lines: p < 0.05; dashed lines: p < 0.01; and solid lines: p < 0.001. Rostral
mediolateral stimulation sites include ELO1, ELO2, ELO3, EL4, and ELO5; caudal mediolateral stimulation sites include
ELO9, EL10, EL11, EL12, and EL13. TSS: transcutaneous spinal stimulation, BIC: biceps brachii; TRIC: triceps brachii; FCR:
flexor carpi radialis; ECR: extensor carpi radialis; APB: abductor pollicis brevis; ADM: abductor digiti minimi.

FCR was the highest at the midline site (EL11), ECR, and APB—at lateral sites, ADM—mid-lateral site
(Figure 8B).

DISCUSSION

This study demonstrated that TSS delivered over the rostral and caudal, as well as midline and lateral as-
pects of the cervical spinal cord resulted in preferential activation of proximal, distal, and ipsilateral UL
muscles, revealed by changes in motor threshold intensity, maximum amplitude, and the amount of
post-activation depression of the evoked responses. While rostral stimulation resulted in activation of all
tested muscles (except APB) generating a large magnitude of response, caudal stimulation produced a
larger magnitude of response at distal muscles. A similar comparison was observed with stimulation along
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A Rostral mediolateral Figure 8. Probability of the upper-limb muscle
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the mediolateral axis. Midline stimulation resulted in a higher probability of activation at proximal muscles,
and stimulation at lateral sites resulted in a higher probability of activation at distal muscles.

TSS delivered along the rostrocaudal axis of the cervical spinal cord results in preferential
activation of proximal and distal UL muscles

Studies with lumbar spinal stimulation have demonstrated that both ESS and TSS administered based on
the anatomical maps of the spinal cord can selectively engage specific motoneurons projecting to the LL
muscles (Sayenko et al., 2014, 2015). Specifically, stimulation of rostral and caudal areas of the lumbar spinal
cord resulted in a relatively selective activation of proximal and distal LL motor pools. Furthermore, stim-
ulation via a set of electrodes localized over specific spinal segments allowed for selective recruitment of
the motor pools, whereas a wide-field stimulation resulted in a generalized pattern of activation of proximal
and distal motor pools. Previous work on mapping the lumbosacral spinal cord using ESS based on the rela-
tive motor threshold values for proximal and distal muscles indicates rostrocaudal spatial dispersions of the
respective motor pools (Hofstoetter et al., 2021). Our work demonstrates that a similar approach can be
utilized to map cervical spinal motor pools using TSS. At the same time, exclusive activation of LL agonist
muscles without concomitant involvement of their antagonists during lumbar spinal stimulation is still chal-
lenging and was reported only in a subset of works using ESS (Rowald et al., 2022; Wagner et al., 2018).

Cervical ESS along the rostrocaudal axis was recently investigated in primates (Barra et al., 2021; Greiner
et al., 2021; Guiho et al., 2021; Kato et al., 2020). Similar to the lumbar ESS, the recruitment patterns of
UL muscles corresponded to the rostrocaudal innervation of motor nuclei. While individual activation
of the upper arm antagonists (i.e., BIC and TRIC) was achieved in these experiments, selective activation
of forearm and hand muscles was challenging, likely due to the overlapping innervation of forearm and
hand muscles (Greiner et al., 2021).

There are limited reports describing the responses to cervical TSS at different spinal levels along the ros-
trocaudal axis. de Freitas et al. (2021) attempted to address the relative effects of activation of sensory and
motor pathways using different placement of stimulation and reference electrodes. They demonstrated
that motor pools projected to the hand muscles were preferentially activated when the cathode was placed
over T1 compared with rostral vertebral levels, whereas there was no selectivity for motor pools projected
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to proximal UL muscles. Furthermore, higher stimulation intensities were required to activate distal than
proximal UL muscles, suggesting different excitability thresholds between UL motor pools (de Freitas
et al., 2021).

Our data are consistent with previous reports, as well as with the anatomy and myotomal maps of the cer-
vical spinal cord (Figure 1A). We found that TSS delivered within a relatively narrow range between the C3
and T1 vertebrae resulted in a different order of activation and magnitude of recruitment of the proximal
and distal motor pools. At each location used, the stimulation always activated both proximal and distal UL
muscles. However, the intensity required to activate different UL motor pools, the relative order of recruit-
ment of different UL muscles, and the maximum magnitude of their responses were dependent on the site
of stimulation. Stimulation over the rostral sites corresponding to C4 and C5 vertebrae required lower in-
tensities to activate the UL motor pools, with little to no difference in the order of their recruitment. The
magnitude of responses at these locations was larger in all tested muscles but APB. During stimulation
at more caudal sites corresponding to Cé and T1 vertebrae, higher intensities were required, and more pro-
nounced differences were observed in the order of activation between proximal and distal motor pools. We
also demonstrated relative selectivity in activation of the upper arm (BIC and TRIC) and forearm (FCR and
ECR) agonist and antagonist muscles.

Our findings during cervical stimulation contrast previous observations during lumbar TSS when stimula-
tion over the caudal portions was associated with lower MT intensities and larger magnitude of the induced
muscle responses. Anatomical similarities of the rostral cervical and caudal lumbar spinal cord, such as the
curvature and proximity of dorsal roots to the surface, as well as the number of dorsal and ventral rootlets,
can explain these observations (Mendez et al., 2020). However, the primary factor is likely the compact
arrangement of the UL motor pools and inter-rootlet anastomoses (Mendez et al., 2020). Thus, non-invasive
stimulation directly over the cervical enlargement activates all UL motor pools and with lower thresholds.
However, preferential activation of caudal UL motor pools can be achieved by stimulating caudal to the
cervical enlargement.

TSS delivered along the mediolateral axis of the cervical spinal cord results in preferential
activation of ipsilateral UL muscles

Recent data obtained using cervical ESS in primates indicate that near full and exclusive recruitment of in-
dividual roots can be achieved with lateral electrodes (Barra et al., 2021; Greiner et al., 2021). In particular,
the amplitude of muscle activation and muscle recruitment specificity were higher with lateral compared to
midline stimulation (Greiner et al., 2021). Based on experimental and simulation data, the authors sug-
gested that laterally positioned electrodes can recruit la afferents of a targeted root at stimulation ampli-
tudes that are subthreshold for the afferents residing in other roots. However, with increased stimulation
amplitude, the concomitant recruitment of afferents of nontargeted roots is likely to occur. Thus, higher
stimulation amplitudes may recruit fibers coming from roots not specific to the stimulation site. We demon-
strated a difference in activation of ipsilateral and contralateral motor pools during stimulation using rostral
and caudal lateral electrodes. The most pronounced activation of upper arm and forearm muscles was
observed during rostral lateral stimulation. Hand muscles showed preferential activation during stimulation
at both rostral and caudal lateral sites. When stimulating at midline site, BIC had the highest probability of
activation rostrally and caudally. TRIC mirrored this pattern, with an additional highest probability
of activation at the rostral mid-lateral site. Forearm muscles demonstrated a more balanced probability
of activation with regards to location sites. Specifically, FCR followed with highest probability of activation
at mid-lateral sites when stimulating rostrally, but at midline sites when stimulating caudally. ECR, however,
began to differentiate slightly. Like FCR, ECR had the highest probability of activation at the mid-lateral site
when stimulating rostrally, but when stimulating caudally, the highest probability of activation shifted later-
ally. For the hand muscles, the highest probability of activation was at mid-lateral and lateral sites both
rostrally and caudally. These findings support our conclusions that administration of site-specific cervical
TSS can target specific UL motor pools based on location of administration. We did not observe the advan-
tageous effects of lateral stimulation on the maximum amplitude of the evoked responses or specificity on
targeting individual motor pools, as demonstrated using cervical ESS in primates (Barra et al., 2021; Greiner
et al., 2021). This can be attributed to the localized nature of electrical field generated via much smaller
epidural electrodes (i.e., 1 to 1.5 mm) located closer to the dorsal roots, as opposed to the larger (i.e., 1
to 2 cm) surface electrodes transmitting a wide-field current and causing generalized activation of the af-
ferents within neighboring dorsal roots. It is worth noting that we did not observe considerable changes in
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the R2/R1 ratio between the lateral and midline stimulation sites, which indicates similar involvement of the
sensory and motor pathways. From a practical perspective, stimulation via lateral electrodes may also acti-
vate adjacent upper back muscles (e.g., trapezius) to a larger extent than during midline stimulation, thus
potentially affecting the resultant UL movements. Therefore, administration of lateral cervical TSS should
be weighted between the goal of specific ipsilateral UL muscle activation and expected movement
kinematics.

Cervical TSS engages both sensory and motor pathways

Spinal stimulation delivered over the cervical and lumbar spinal cord may excite the sensory and motor
pathways to different extents. The engagement of each pathway seems critical for the effects and for un-
derstanding the mechanisms of spinal stimulation therapy. Specifically, activation of sensory fibers lying in
the dorsal roots and synapsing on motoneurons projecting to the limb muscles would interface with spinal
interneurons as well as intraspinal ascending and descending connections (Atkinson et al., 2022; Sayenko
et al., 2014). This can contribute to stimulation-induced changes within the spinal and supraspinal senso-
rimotor networks (Manson et al., 2022). In our previous studies with ESS and TSS over the lumbar spinal
cord, we demonstrated the modulatory effects of the stimulation frequency, intensity, and sensory feed-
back on spinally evoked potentials (Sayenko et al., 2014, 2015). This reveals the transsynaptic route of
the underlying motoneuronal recruitment via the afferent activation within the dorsal roots. Functional
and clinical effects of this mechanism were evident in previous studies using spinal stimulation (Hachmann
etal., 2021; Taylor et al., 2021). Alternatively, stimulation of motor axons residing in the ventral roots would
result in postsynaptic activation of the neuromuscular junction, producing muscle contractions yet bypass-
ing spinal circuits. These induced responses are not susceptive to modulation, and their effects on senso-
rimotor network reorganization can be minimal.

Furthermore, we sought to investigate whether sensory and motor activation depends on the site of
stimulation over the cervical spinal cord. We found that double-pulse TSS attenuated the second evoked
motor responses (R2) in the pairs, suggesting the transsynaptic nature of the underlying motoneuronal
recruitment. However, the fact that the R2s were not fully suppressed demonstrating an inevitable direct
recruitment of motor axons. There were differences in the R2 suppression (e.g., for TRIC and ECR at the
rostrocaudal sites, and FCR and ECR at the mediolateral sites), albeit for most muscles the R2 suppres-
sion did not depend on the stimulation site. Our observations, although supporting the feasibility of
cervical TSS to engage spinal sensorimotor networks via the dorsal roots, also indicate the challenge
of selective recruitment of sensory routes, even if the stimulation is delivered at different sites of the cer-
vical spinal cord. This is not surprising given the compact anatomy of the UL motor pools in the cervical
enlargement, adjacent layout of dorsal and ventral roots, inter-rootlet anastomoses, and proximity of the
stimulation sites to the brachial plexus. For clinical applications, TSS intensity may need to be individually
adjusted at a given stimulation location to yield the highest R2 suppression, thus ensuring the most
optimal stimulation parameters for targeting the sensory route. Future work should also look at the effect
of inter-stimulus interval to systematically investigate the refractory period of spinal motor pools in UL
muscles.

Clinical implications

The present findings should be implemented acknowledging potential inter-individual variability of the
anatomical relationship between the cervical spinal cord and vertebrae as well as differences in the
segmental myotomal charts of UL motor pools. We suggest that the vertebral levels presented in our
study will be used as approximate guidance, and the exact spatiotemporal maps of the proximal and
distal UL muscles should be determined individually during TSS over the cervical spinal cord, using
the recruitment characteristics described. In addition, variations in threshold and magnitude of evoked
potentials among different individuals can result from anatomical differences in underlying skin resis-
tance, amounts of subcutaneous fat, muscle tone, density of vertebral bone, intervertebral space and lig-
aments, as well as implanted hardware. Because the electrical conductivity of implanted hardware differs
from that of the surrounding tissue, current flow is altered and therefore needs to be taken into account
when applying TSS.

In clinical populations, the level and extent of SCI can affect the response of activated motor pools. While
for restoration of lower limb functions, lumbar spinal stimulation is conventionally applied several vertebral
levels below the lesion, the proximity of the injury and targeted neural structures in the cervical spinal
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cord can confound the spatial map of the evoked responses. Rostrocaudal and mediolateral specificity of
activation of the proximal, distal, and ipsilateral UL motor pools in individuals with cervical SCI can be
affected not only by the site of stimulation but also by whether the activated motoneurons are located
above, below, or over the lesion. As such, the resultant spatial map obtained from the assessment of
evoked potentials above and below the lesion would contribute to the comprehensive understanding of
the viability and function of selected UL motor pools. In turn, this may dictate individually adjusted cervical
TSS administration. It is a question for further research whether stimulation must be delivered to engage
"more fragile” or “more viable” motor pools to “revive” or "build on” their function, respectively, and
will most likely depend on the individual function. Regardless, preferential activation of the UL motor pools
following neurorehabilitation interventions after SCI would allow researchers and clinicians to monitor
changes in their recruitment patterns.

Finally, characteristics of spinal reflexes highly depend on the descending and segmental conditions, the
level of muscle activity, and the task performed (Atkinson et al., 2022; Milosevic et al., 2019; Pierrot-Deseil-
ligny and Burke, 2005; Steele et al., 2021). Although we demonstrated the spatial effects of TSS on the
cervical sensorimotor networks, there is a need to investigate to what extent the spinal segment-specific
effects obtained in a resting state are relevant during different motor tasks, including rehabilitation of
UL function.

In conclusion, we have demonstrated the relationship between the rostrocaudal and mediolateral sites of
cervical TSS and characteristics of spinally evoked motor potentials in the UL muscles. TSS delivered over
the rostral and caudal as well as midline and lateral aspects of the cervical spine resulted in a preferential
activation of proximal, distal, and ipsilateral UL muscles, as evidenced by changes in motor threshold in-
tensity, maximum amplitude, and the amount of post-activation depression of the evoked responses.
Our findings provide a baseline for future clinical trials in people with neurological injuries, including peo-
ple with cervical SCI, for mapping motor pools with the goal of restoring function targeting specific UL mo-
tor pools.

Limitations of the study

The neck height and circumferences of the participants were not taken into account, despite their impor-
tance in determining the precise rostrocaudal and mediolateral placement of electrodes. In addition, as
responses were only recorded on the left side during rostrocaudal stimulation, hand dominance may
have influenced the motor responses. Lastly, variations in threshold and magnitude of the evoked potential
among different individuals can result from difference in the underlying skin resistance, amounts of subcu-
taneous fat, size of muscles, vertebral bone, and intervertebral ligaments.
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https://www.mathworks.com

https://www.originlab.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contact, Dimitry
Sayenko (dgsayenko@houstonmethodist.org).

Materials availability

This study did not generate new materials or new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human subjects

Eleven neurologically intact individuals (6 men and 5 women; age: 26.6 + 4.9 years old, height: 176.6 +
8.3 cm, weight: 75.3 + 8.2 kg; see Table S1) were recruited to participate in this study. At the time of
the study, they were free of any known history of neuromuscular disorder and/or musculoskeletal impair-
ments. All study procedures were approved by the Houston Methodist Research Institute’s Institutional Re-
view Board, and all participants provided written informed consent.

METHOD DETAILS
Cervical transcutaneous spinal stimulation

During the experiments, the participants were in a seated position with their forearms supported anteriorly
on a table. TSS was delivered using a constant current stimulator, DS8R (Digitimer Ltd, UK), with a sixteen-
electrode array (ReCure™, Anuevo, CA, USA). The electrode array consisting of eight 10 mm and eight
20 mm diameter electrodes were used as cathodes (Figure 1B). The array was placed on the skin of each
participant, over the cervical spinal cord and encompassed the area between the C4 and T1 spinous
processes. The electrode EL15 was placed midline at C7-T1 spinous processes. Two 5X9 cm self-adhesive
rectangular anodes (Axelgaard Manufacturing Co. Ltd., USA) were placed on the anterior iliac crests of
each participant.

Double-pulse TSS was delivered using a pair of monophasic pulses of 500 us duration, with inter-stimuli
interval of 30 ms. The use of double-pulse TSS provides confirmation of the reflex nature of the spinally
evoked motor responses by exhibiting a reduction of the second evoked potential amplitude in a previ-
ously activated sensory-motor synapse, which is attributed to post-activation- or homosynaptic-depression
(Andrews et al., 2015; Hofstoetter et al., 2020; Roy et al., 2012; Steele et al., 2021). This can distinguish re-
sponses evoked transsynaptically through the dorsal roots (i.e., via the sensory route) from the responses
evoked due to activation of motor axons within the ventral roots, which are not susceptible to any condi-
tioning influences including afferent or descending inputs (Taylor and Gandevia, 2004). Stimulation began
at 20 mA and was increased by increments of 5 mA to 150 mA or to the maximum tolerated intensity (see
Tables S2 and S3). One stimulus was delivered for each intensity to minimize stimulation discomfort.
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Stimulation was applied at each of the rostrocaudal (ELO3, ELO7, EL11, EL15), rostral mediolateral (ELOT,
ELO2, ELO3, ELO4, ELO5) and caudal mediolateral (ELO9, EL10, EL11, EL12, EL13) sites (Figure 1B).

EMG recording and data collection

Trigno Avanti wireless surface electromyography (EMG) electrodes (Delsys Inc., USA; common-mode rejec-
tion ratio <80 dB; size: 27 mm x 37 mm x 13 mm; input impedance: > 1015 Q/0.2 pF) were placed bilaterally
and symmetrically at six sites: biceps brachii (BIC), triceps brachii (TRI), flexor carpi radialis (FCR), extensor
carpi radialis (ECR), abductor pollicis brevis (APB), and abductor digiti minimi (ADM) muscles. EMG data
was amplified using a Trigno Avanti amplifier (Delsys Inc.; gain: 909; bandwidth: 20 to 450 Hz) and recorded
at a sampling frequency of 2,000 Hz using a PowerlLab data acquisition system (ADInstruments, Australia).

Data processing and analysis
Motor threshold

Data were processed using LabChart Pro 8.1.13 software (ADInstruments, Australia). For each muscle, the
response was calculated by measuring the peak-to-peak amplitude within a 20-ms window 5 ms from stim-
ulus onset. Motor threshold (MT) was defined as the first amplitude that created a response greater than
20 pV (Calvert et al., 2019). The evoked response was normalized to the MT of FCR during stimulation at
the ELO7 (FCR at ELO7 = 1.0). To visualize the selectivity of the activation of motor pools projecting to prox-
imal and distal UL muscles, a heatmap was constructed by bilinear interpolation. A total 55 of color levels
were used with 5 major and 10 minor levels using the normalized MT stimulation intensity values during
stimulation along the rostrocaudal axis. Based on known anatomical maps and interjacent location of
the FCR motor pools in the cervical enlargement (Figure 1A), we suggested that FCR motor pools would
be always activated, irrespective of either rostral or caudal placement of the stimulating electrode. As
such, we normalized the response in studied UL muscles by the FCR response.

Recruitment curves

Recruitment curves were generated using the peak-to-peak EMG amplitude at each stimulation intensities
for all tested muscles. The recruitment curves were obtained by increasing stimulation intensity by 5 mA
starting at 20 mA until maximum tolerated intensity. Post processing was performed using a custom
code written in MATLAB R2020a (MathWorks, Natick, MA). Recruitment curves for each muscle were
normalized to the MaxR across all stimulation sites.

Post-activation depression (R2/R1 ratio)

The ratio between the second (R2) and the first (R1) responses was calculated (Milosevic et al., 2019). The
R2/R1 ratio below 1 indicates that the second response was suppressed by the first stimulus, and therefore
affirms the presence of post-activation depression. The minimum R2/R1 values, that is when the largest dif-
ference between the R2 and R1 responses occurred, were chosen for comparison across different stimula-
tion sites for each muscle individually.

Motor activation patterns of rostrocaudal and mediolateral stimulation sites

Parallel coordinate plots were constructed using the MaxR of each analyzed muscle in different stimulation
sites to visualize the relative selectivity of the recruitment of different motor pools along the rostrocaudal
axis of the cervical enlargement. Each individual stimulation site was assigned its own axis with an indepen-
dent scale based on the MaxR values.

We also constructed heatmaps demonstrating motor recruitment from 20 mA to 100 mA or the maximum
tolerated intensity to investigate preferential activation of mediolateral stimulation sites on motor recruit-
ment for left and right BIC, FCR, and APB muscles. Individual data were normalized to the participants’
maximum evoked potential then pooled for analysis.

Probability of motor activation

To determine the comprehensive information of probability of motor activation from a specific stimulation
site, and to infer the segmental distributions of the dorsal roots and motor pools projecting to the recorded
UL muscles, the mean rank value was calculated based on MT, MaxR, and R2/R1 ratio. From practical stand-
point, the probability maps reflect the interplay between the MT, MaxR, and R2/R1 ratio because the
ensemble of these variables, rather than each separate parameter, highlights the characteristics of evoked
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responses at different stimulation locations and guides spinal mapping. In addition, there was weak corre-
lation between MT and MaxR at given stimulation sites based on Pearson’s correlation analysis (r = 0.136,
p = 0.027). Thus, taking each variable into account gives a more inclusive understanding of the character-
istics of evoked responses and activation of given muscles. The mean rank value of these three variables
was determined using a Kruskal-Wallis test for each variable. Each of the mean rank values of MT, MaxR,
and R2/R1 ratio were summed together to acquire the total score values. The total score of these three vari-
ables were then normalized from the maximum score for each muscle to determine the probability of mus-
cle activation patterns along the rostrocaudal, rostral mediolateral, and caudal mediolateral axes.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using OriginPro 2021 (Origin Lab Corporation, Northampton, MA,
USA). Assumptions of normality were tested using the Shapiro-Wilk test. Normally distributed data were
analyzed using the two-way analysis of variance (ANOVA) to evaluate MT, MaxR, and R2/R1 ratio differ-
ences between all tested UL muscles and stimulation sites. Data were corrected for multiple comparisons
within figures using a Holm-Bonferroni’s post hoc test. Non-normally distributed data were analyzed with a
Kruskal-Wallis test followed by Dunn’s multiple comparison test. p values <0.05 were considered signifi-
cant (*p < 0.05, **p < 0.01 and ***p < 0.001). One participant was unable to complete the experiment
due to discomfort; therefore, the corresponding sample of muscle responses (at EL02, ELO4, EL10, &
EL12) for that participant was not included during statistical analysis.

We compared the responses in left limb muscles during rostrocaudal stimulation sites. For mediolateral
stimulation sites, we analyzed responses from the left limb only when stimulation was performed using
left-sided electrodes (ELO1, ELO2, ELO9, EL10), and the right limb only during stimulation using right-sided
electrodes (ELO4, ELO5, EL12, EL13). The MaxR was calculated as the average of the three largest evoked
response values in Figures 3E and 7C and 7D. In order to determine preferential activation of rostrocaudal
stimulation sites on motor recruitment, the MaxR was normalized using the maximum peak-to-peak ampli-
tude across muscles for that stimulation site to determine selectivity in activation. For the mediolateral
axes, the MaxR were normalized to the midline electrodes: ELO3 for rostral mediolateral and EL11 for
caudal mediolateral comparisons. The MT was normalized at the same location FCR, ELO7 for the medio-
lateral comparison.
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