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Spinal nociceptive and non-
nociceptive processing of
cutaneous afferent input in people
with chronic incomplete spinal cord
Injury

Alan M. Phipps & Aiko K. Thompson®™*

In people with chronic spinal cord injury (SCI), the excitability of spinal reflexes of muscle afferent
origins changes, likely contributing to sensorimotor impairments (e.g., spasticity). In contrast to
changes in muscle afferent reflexes that are well-recognized, little is known about potentially altered
processing of nociceptive and non-nociceptive cutaneous input in chronic incomplete SCI. Thus, this
study aimed to systematically examine spinal processing of nociceptive and non-nociceptive cutaneous
input in people with sensorimotor impairments due to chronic incomplete SCl, using non-invasive
cutaneous nerve stimulation. To characterize non-nociceptive processing, cutaneous reflexes to
non-painful stimulation was measured in the triceps surae; we found that the soleus reflexes were
smaller and frequently inhibitory when they should be excitatory, suggesting altered processing of
non-noxious cutaneous input in people with sensorimotor impairments due to chronic SCI. In parallel,
when the persistence of pain pathway activation was assessed near the pain threshold, it was found
robust and could be enhanced more with a higher input frequency. These key findings are discussed in
the context of altered spinal neurophysiology in chronic incomplete SCI. This study supports potential
utilities of electrical nerve stimulation in probing spinal non-nociceptive and nociceptive pathways in
persons with SCI
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After spinal cord injury (SCI) disrupts supraspinal ascending and descending pathways, the excitability of spinal
reflex pathways involving muscle afferents changes'~>. For example, in individuals with chronic incomplete SCI,
in the plantarflexor soleus, the H-reflex, a partial electrical analog of the spinal stretch reflex, is larger®-?; reciprocal
inhibition is diminished>!%!}; presynaptic inhibition is reduced®!%!3; recurrent inhibition is increased'%; and Ib
inhibition is reduced!®. As to if and how the excitability of reflexes arising from cutaneous afferents is altered in
chronic incomplete SCI, currently little is known. Cutaneous afferents come with different axonal diameters!®-1°.
Excitation of large diameter low-threshold non-nociceptive AP afferents gives rise to the sensation of non-
painful touch?® and produces non-noxious cutaneous reflexes!®?!?2. Those non-noxious cutaneous reflexes
are highly modulable and can be excitatory or inhibitory?*-8. Excitation of smaller diameter high-threshold
nociceptive A afferents and C-fibers produces noxious sensation'®?%%° and reflex responses to painful stimuli
[e.g., RIII reflexes (i.e., flexor or withdrawal reflex)]**-**. In people with chronic incomplete SCI, cutaneous
reflexes to non-noxious stimuli are abnormally modulated during functional tasks/movements*3>3% however, it
is yet to be determined whether non-noxious cutaneous reflexes are hypo- or hyperexcitable compared to those
in people without injuries. Altered amplitude modulation®!>*7-40 and heightened/reduced excitability®*1041-43
are different kinds of reflex impairments**. Notably, when a reflex is present, even if its modulation pattern is
abnormal, such presence indicates that the corresponding reflex pathway is accessible?3>364546 and therefore its
excitability and modality (i.e., inhibitory/excitatory) can be assessed.

When SCI alters spinal somatosensory processing, it manifests in motor disorders such as spasticity, which
affects 65-78% of this population?’~%°, as well as sensory disorder such as neuropathic pain (NP), which impacts
up to 70% of individuals with SCI°%->2 Despite the fact that pain management is a problem of a high priority

Department of Health Sciences and Research, College of Health Professions, Medical University of South Carolina,
77 President Street, MSC700, Charleston, SC 29425, USA. *Yemail: thompsai@musc.edu

Scientific Reports|  (2025) 15:26170 | https://doi.org/10.1038/s41598-025-09194-6 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-09194-6&domain=pdf&date_stamp=2025-8-7

www.nature.com/scientificreports/

among people with SCI***4, spinal mechanisms of post SCI neuropathic pain are not well understood. Much

of our limited knowledge on them comes from animal studies®>~>%; anatomical, physiological, and behavioral
changes in nociceptive A and C fiber afferents and interneurons that receive input from Ap, A§, and C-fiber
afferents could explain enhanced pain responses®®-%, at least partly. In humans with SCI, when nociceptive
fields were examined with nociceptive RIII reflexes, the receptive fields are expanded in foot sole®® and location
specificity was diminished”’. These support the possibility of enhanced nociceptive and reduced non-nociceptive
processing in the spinal cord of individuals with SCI; yet to date, no studies have systematically examined
spinal nociceptive and non-nociceptive processing in people with chronic incomplete SCI. Given the potential
interactions between nociceptive and non-nociceptive processing in producing somatosensation at the spinal
level’}, it is important to study these pathways concurrently to better understand somatosensory impairments
in chronic incomplete SCI.

Thus, to characterize spinal nociceptive and non-nociceptive processing concurrently in individuals
with impaired somatosensory processing due to chronic incomplete SCI, we stimulated cutaneous nerves
electrically and non-invasively in individuals with sensorimotor impairments (i.e., spasticity and/or neuropathic
pain) due to SCL Stimulating a peripheral nerve electrically creates a unique opportunity to examine spinal
somatosensory processing comprehensively’>’®. When we stimulate a bundle of nerve axons of different
diameters and gradually increase the stimulus intensity, the afferents with larger diameters get excited first (i.e.,
at lower currents), and then, as we increase the stimulus intensity, more afferents with smaller diameters get
excited. Thus, by purposefully setting the stimulus intensity with differences in axonal diameter in mind, we can
examine the excitability (e.g., hypo- or hyperexcitable) of the spinal pathway originated from a targeted group
of afferents. By electrically stimulating a cutaneous nerve at a non-noxious level, targeting large diameter Ap
afferents, non-noxious cutaneous reflexes can be measured as electromyographic (EMG) muscle responses’”~"°.
When the same nerve is stimulated at noxious levels, smaller diameter A and C-fiber afferents are recruited'®
and nociceptive responses such as RIII reflexes can be observed. (Note that the peripheral nerve stimulation
sufficiently strong to excite small diameter afferents and induce pain would also excite larger diameter afferents
that convey non-noxious sensation.) In this study, we stimulated superficial peroneal nerve (SPn, innervating
the foot dorsum), sural nerve (SRn, lateral aspect of the foot), and distal tibial nerve (DTn, medial aspect of foot
extending toward the plantar surface of digits one through three) in individuals with sensorimotor impairment
due to chronic incomplete SCI and individuals with no known neurological conditions. Cutaneous reflexes to
non-noxious stimuli?! were examined in the triceps surae as a surrogate measure of spinal non-nociceptive
processing. The threshold intensity that was perceived as painful was obtained as a measure reflecting spinal
nociceptive processing.

Results

Stimulation intensities for investigating cutaneous reflexes

When determining nerve stimulation intensity, it is often based on the perceptual threshold (PerT) or radiating
threshold (RT)*2+257880_In the present study, PerT was higher in SCI than in non-SCI for SPn, SRn, and DTh, and
RT was higher in SCI than in non-SCI for SPn and DTn (P <0.05 for both). The absolute stimulus current (mA)
for 5x PerT stimulation (among those in whom this level of stimulation was below the pain threshold) tended
to be higher in SCI than in non-SCI, but it differed between the groups significantly for SPn (SCI: 15.1+9.6 mA,
Non-SCI:10.0 +4.4 mA) (P=0.049) and DTn stimulation (SCI: 12.3+9.3 mA, Non-SCI: 6.7 +5.1 mA) (P=0.048)
but not for SRn (P>0.05). Table 1 provides PerT and RT values for the SCI and non-SCI groups.

To assess where in the non-noxious stimulus current space the cutaneous reflexes were examined, the stimulus
intensity used to elicit cutaneous reflexes was expressed as a multiple of the pain threshold (PainT), which was
determined with 4 s inter stimulus-train interval (ITI) for each participants each nerve stimulated. For 5x PerT
stimulation, the intensities were 0.62+0.17 (mean+SD), 0.50+0.23, and 0.62+0.21 x PainT for SPn, SRn, and
DTn stimulation in SCI, and 0.53+0.21, 0.48 £ 0.16, and 0.46 + 0.26 x PainT for SPn, SRn, and DTn stimulation
in non-SCI. This verifies that 5x PerT stimulation was indeed delivered within a non-noxious stimulus range,
and thus, the elicited cutaneous reflexes were most likely originated from non-nociceptive cutaneous afferents.
For 1 xand 1.5 xRT stimulation, Fig. 1 summarizes the relative range used for SPn, SRn, and DTn stimulation in
SCI (a-c) and non-SCI (d-f), among those in whom 1.5 x RT stimulation was below the pain threshold. For SPn,
SRn, and DTn stimulation, the relative stimulus intensity (i.e., expressed in x PainT) did not differ between the
groups at 1 xand 1.5 x RT intensities (all P>0.05, by one-tailed independent ¢ test).

Perceptual Threshold (PerT),
mA Radiating Threshold (RT), mA

Group SPn SRn DTn SPn SRn DTn
SCI 32+1.9*% |3.1+£2.6* | 2.842.0% | 12.8+46.8* | 11.9+6.2 | 12.4+7.2*
Non-SCI | 1.9+0.9 |1.4+0.6 |1.3+0.9 |89+27 8.6+42 |7.8+32

Table 1. Participant perceptual and radiating thresholds. SCI, spinal cord injury; DTn, distal tibial nerve;
SPn, superficial peroneal nerve; SRn, sural nerve. Significant differences between groups are indicated by *
(P<0.05), by independent ¢ test.
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Fig. 1. Expression of cutaneous nerve stimulus intensities used to elicit cutaneous reflexes in the non-
noxious intensity space (i.e., below the pain threshold). Group data for 1 xand 1.5 x radiating threshold (RT)
stimulus intensities expressed as a multiple of pain threshold (PainT) for the participants with SCI (a-c) and
the participants without SCI (d-f). a and d for superficial peroneal nerve (SPn) stimulation, b and e for sural
nerve (SRn) stimulation, and ¢ and f for distal tibial nerve (DTn) stimulation. For each panel, each dashed
line indicates each participant’s values, a colored solid line indicates the group average, and a shaded band
indicates + 1SD range. The number of participants in each dataset is indicated in top left of each panel.

Cutaneous reflexes to non-noxious stimuli

In this study, cutaneous reflexes were measured in the 80-120 ms post-stimulus onset time window, known
as the medium latency response (MLR)*3!-84, since the MLR is a spinal reflex?:7779:828586  whose amplitude
modulation can be robust®.

To characterize the excitability of spinal non-nociceptive pathway and its processing in SCI in comparison
to non-SCI, cutaneous reflexes to non-noxious stimulation (i.e., MLR at 5 x PerT) were compared between the
groups, per muscle and nerve (by independent ¢ test). Figure 2a and b show examples of the soleus EMG sweeps
highlighting MLR elicited with 5xPerT of SPn stimulation from one participant with SCI (Fig. 2a) and one
participant without SCI (Fig. 2b). Figure 2¢c-e summarizes MLRs in the soleus, medial gastrocnemius (MG), and
lateral gastrocnemius (LG) elicited at 5 x PerT. In general, MLRs are smaller in SCI than in non-SCI; significant
differences were found for soleus MLR with SPn (-0.19+0.78%M, _ [SCI] vs. 0.55+£0.38%M, __ [non-SCI],
P=0.003), soleus MLR with SRn (-0.16+0.74%M___[SCI] vs. 0.31%0.18%M__[non-SCI], P=0.04), and MG
MLR with SRn (0.03+0.23%M, . _[SCI] vs. 0.35+£0.39%M,__[non-SCI], P=0.01).

To examine if the spinal cord circuit can process different levels of non-noxious cutaneous input differently,
we compared the MLR amplitudes between 1 xRT and 1.5xRT stimulation, per group, muscle and nerve (by
paired ¢ test). Figure 3 shows the soleus, MG, and LG, MLRs at 1 xand 1.5xRT stimulation in the non-SCI
and SCI groups. In non-SCI, in two instances MLR at 1.5xRT was larger than MLR at 1xRT stimulation:
soleus MLR with SPn (0.39+0.25%M,___ [1xRT] vs. 0.68+0.48%M, _[1.5xRT], P=0.007) and LG MLR SRn
(0.13£0.16%M, ,_[1xRT] vs. 0.33+£0.26%M, _[1.5xRT], P=0.008). In SCI, MG MLR with SPn was larger at
L.5%RT than at 1 xRT stimulation; -0.06+0.23%M,_  [1xRT] vs. 0.15£0.27%M,_ [1.5xRT], P=0.04). No
other differences between stimulus intensities were significant in SCI or non-SCIL.
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Fig. 2. Triceps surae cutaneous reflexes to non-noxious stimuli in people with and without chronic incomplete
SCIL a and b: 20 peristimulus EMG sweeps to 5 x perceptual threshold (PerT) level of superficial peroneal nerve
(SPn) stimulation are superimposed for a person without SCI (a) and a person with chronic SCI (b). A pink
highlighted time window indicates the window for the medium latency reflex (MLR). ¢: Amplitudes of soleus
MLRs (group mean+ SD) to stimulation of the SPn, sural nerve (SRn), and distal tibial nerve (DTn) at 5 x PerT
in individuals with SCI (filled bars) and without injuries (open bars). The reflex amplitudes are expressed in
%maximum M-wave (M__)'**. d: Amplitudes of MG MLRs to stimulation of the SPn, SRn, and distal DTn
stimulation at 5 x PerT. e: Amplitudes of LG MLRs to stimulation of the SPn, SRn, and distal DTn stimulation
at 5 x PerT. Asterisks indicate significant differences between the groups (p <0.05). Each x symbol represents an
individual’s value. The number of participants in each dataset is denoted next to the figure legend.
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Fig. 3. Triceps surae cutaneous reflexes to non-noxious stimuli (1 xand 1.5 x radiating threshold [RT] in
people with and without chronic incomplete SCI. Each panel shows the amplitudes of the medium latency
reflex (MLR, group mean * SD) to stimulation of the superficial peroneal nerve (SPn), sural nerve (SRn), and
distal tibial nerve (DTn) at 1 xand 1.5x RT. a and d: Amplitudes of soleus MLRs. b and e: Amplitudes of MG
MLRs. ¢ and f: Amplitudes of LG MLRs. The reflex amplitudes are expressed in %maximum M-wave (M ).
Mean values for individuals with SCI are shown in filled bars and mean values for individuals without injuries
are shown in open bars. Asterisks indicate significant differences between 1 xand 1.5 xRT (p <0.05). Each x
symbol represents an individual’s value. The number of participants in a given dataset is indicated beneath the
panels c and f.
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Pain threshold and persistence of pain pathway activation
In this study, two kinds of pain thresholds were measured by ramping up and down the stimulus current in a
triangular manner. PainT  was determined by gradually increasing the stimulus current to the point at which
the stimulation becomes painful; and PainT,  was defined as the last stimulus intensity that is perceived to be
painful when the current was gradually decreased. To characterize the excitability of spinal nociceptive pathway
in SCI in comparison to non-SCI, measures of pain processing (e.g., PainT and AI [see below for description])
were compared between the groups, per nerve (by independent ¢ test).

Pain thresholds (PainT) determined by gradually increasing the stimulus current (i.e., same as PainT ) with
4 s inter stimulus train interval (ITI) was significantly larger for SRn stimulation in SCI (21.4 + 8.7 mA) than non-
SCI (14.6+6.1 mA) (P=0.02) but did not differ significantly between SCI and non-SCI for SPn 22.6 + 8.8 mA
(SCI) vs. 19.7 £6.7 mA (non-SCI) (P=0.18) or 18.3+9.0 mA (SCI) vs. 14.0 + 7.0 mA (non-SCI) for DTn (P=0.1).
The difference between PainTup and PaianOWn (i.e., difference in up- and downward threshold currents, Al)
was also calculated as a surrogate measure of the persistence of pain pathway activation. Figure 4 shows A
obtained with 4 s and 1 s ITI, and the difference in AI between 4 and 1 s ITI (i.e., rate-dependent enhancement of
pain) for SPn, SRn, and DTn stimulation in SCI and non-SCI. With 4 s ITI, AI did not differ significantly between
the groups for any nerves stimulated (P=0.12, 0.48, and 0.43 for SPn, SRn, and DTn, respectively). With 1 s ITT,
AI was more prominent; 4.4+2.1,4.0+2.9, and 3.6 +2.2 mA in SCl and 3.2+1.3,2.1+0.7, and 1.9+ 1.0 mA in
non-SCI for SPn, SRn, and DTn stimulation, respectively, and larger in SCI than in non-SCI (P=0. 05, 0.01, and
0.02 for SPn, SRn, and DTn, respectively). The rate-dependent enhancement of pain was stronger in SCI than
in non-SCI two of three nerve conditions: 2.4 +1.8 mA [SCI] vs. 0.8 0.6 mA [non-SCI], P=0.002 for SRn and
2.2+1.7 mA [SCI] vs. 0.7 0.6 mA [non-SCI], P=0.002 for DTn stimulation.

Non-nociceptive cutaneous reflexes x persistence of pain pathway activation

When AI obtained with 1 s ITI was plotted against the amplitude of MLR reflexes elicited with 5x PerT
stimulation, very weak to strong correlation was observed per group and across all participants. In SCI, negative
correlation was observed for the soleus and LG with SPn stimulation (r=-0.59 and -0.45). In non-SCI, only very
weak to weak correlation was observed across all muscles and nerves stimulated (r=-0.002 to 0.38). When all
data were plotted together, r values for the soleus MLR x Al were -0.57 for SPn (P=0.003), -0.1 for SRn (P=0.69),
and 0.22 for DTn (P=0.32) (Fig. 5). The correlation was very weak to weak for MG and LG; r values ranged from
-0.41 to 0.24 across those 2 muscles x 3 nerve stimulation conditions (P> 0.05 for all).

Relationship between the severity of pain or spasticity x persistence of pain pathway
activation or non-nociceptive cutaneous reflexes

To assess whether a clinical measure of pain or spasticity is correlated with persistence of pain or non-
nociceptive cutaneous reflexes, additional correlation analyses were performed. In participants with SCI, the
correlation coefficient (r) for the Montreal Pain Questionnaire (MPQ) scorex Al at 4 s ITI, MPQxAI at 1 s
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Fig. 4. Persistence of pain pathway activation and rate-dependent enhancement of pain for individuals with
and without SCI. Nerve stimulation conditions are color-coded: magenta for superficial peroneal nerve (SPn)
stimulation, green for sural nerve (SRn) stimulation, and brown for distal tibial nerve (DTn) stimulation. For
each nerve stimulated, the data for 4 s inter stimulus train intervals (ITIs), 1 s ITIs, and the difference between
4 s Aland 1 s AI (Diff.) are shown for individuals with (filled bars) and without SCI (open bars). Each x symbol
represents an individual’s value. For a given nerve stimulation condition, the number of participants included
in comparison is indicated in the right most set of bars.
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Fig. 5. Correlation between the soleus cutaneous reflex to non-noxious stimuli and the persistence of pain
pathway activation in individuals with and without SCL. In each panel, the persistence of pain pathway
activation (Al) is plotted against the amplitude of soleus medium latency reflex (MLR) elicited by 5x PerT
stimulation of the superficial peroneal nerve (left), sural nerve (middle), and distal tibial nerve (right).
Each symbol represents each individual’s value. Filled symbols for participants with SCI. Open symbols for
participants without SCI. The number of participants is indicated in each panel.

ITI, and MPQ x rate-dependent AI enhancement was consistently positive across all three nerves stimulated
(r=0.08-0.58); yet, a statistically positive correlation was found only for MPQ xA I with SPn stimulation at 4 s
and 1 s ITI (P <0.05 for both). In contrast, the correlation between MPQ and MLR at 5 x PerT was poor; r-values
ranged -0.28 to +0.31 across the three nerves stimulated and the three muscles studied (i.e., soleus, MG, and LG),
with none being statistically significant.

The correlation for modified Ashworth Scale [mAS] x AT or mAS x rate-dependent AI enhancement was
consistently negative (r=— 0.45 to — 0.05) but none was statistically significant across the three nerves. The
correlation coefficient (r) between mAS and MLR varied across the nerves and muscles (from —0.32 to+0.57);
the significant positive correlation was found only for mAS x soleus MLR to DTn stimulation (r=0.57, p <0.05).

Discussion

This study investigated spinal nociceptive and non-nociceptive processing in people with sensorimotor
impairments (i.e., with spasticity or neuropathic pain) due to chronic incomplete SCI and people without
injuries, using non-invasive cutaneous nerve stimulation. To characterize the excitability of spinal non-
nociceptive pathways, cutaneous reflexes to non-painful 5x PerT stimulation was measured; we found that the
soleus cutaneous reflexes to SPn or SRn stimulation, which are normally excitatory, were less consistently present
and frequently inhibitory across people with chronic incomplete SCI, suggesting impaired processing of non-
noxious cutaneous input in this population. To assess whether the cutaneous input within the non-noxious range
is processed in a graded manner, cutaneous reflexes were compared between 1xand 1.5xRT stimulation; the
reflex amplitude difference between 1x and 1.5 x RT was not very apparent — observed only in 2/9 muscle x nerve
combinations in participants without SCI and 1/9 combinations in participants with chronic incomplete SCI. To
quantitatively express the potency of pain pathway activation, AI (i.e., gap between PainT and PainT, during
a triangular increase and decrease of stimulus current) was measured; we observed larger AI with 1 s ITI for
SPn, SRn, and DTn and rate dependent enhancement of pain for SRn and DTn stimulations in participants with
chronic incomplete SCI. The measures of Al were weakly positively correlated with the clinical pain measure of
MPQ in participants with SCI across all three nerves stimulated with statistical significance found only for SPn
stimulation, supporting the potential utility of SPn stimulation in indicating enhanced nociceptive processing.
Below we discuss these key findings from the neurophysiological perspectives, towards understanding altered
excitability of spinal non-nociceptive and nociceptive pathways in people with sensorimotor impairments due to
chronic incomplete SCI and demonstrating the potential utility of electrical nerve stimulation in proving spinal
non-nociceptive and nociceptive pathways in health and diseases.

This study found that the soleus MLRs to non-noxious cutaneous nerve stimulation were inconsistently
present among individuals with chronic incomplete SCI; this was clear with SPn and SRn stimulation that
normally produce excitatory response. At the spinal level, cutaneous afferents, interneurons, and motoneurons
are involved in producing cutaneous reflexes, and therefore, changes in their excitability could contribute to
producing smaller or larger responses or inhibitory instead of excitatory (or vice versa) responses. First, if the
excitability of motoneurons is reduced, it would result in smaller cutaneous reflexes. However, this is a less-likely
mechanism in the present study population, since the present group of participants with chronic incomplete
SCI were mostly clinically spastic and the excitability of spinal motoneurons (or at least the excitability of
motoneurons to muscle spindle afferent input>*>1011:43) is not low but tends to be high in spastic individuals
with chronic SCI¥-%. Second, if the effectiveness of 5x PerT intensity stimulation in exciting non-nociceptive
Ap afferents is compromised, e.g., due to the reduced excitability of non-nociceptive afferents, then, that would
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produce less input to interneurons that excite motoneurons. In the present study, the 5x PerT stimulation in
participants with SCI was 11.8£7.3 mA equivalent of 0.6+0.2 x PainT across three nerves stimulated, larger
than that in participants without SCI (8.2+4.4 mA, equivalent of 0.5+0.2 x PainT). Existing animal studies do
not provide indications on if/how the excitability of non-nociceptive afferents changes in chronic incomplete
SCIL. Altogether, the currently available data and studies do not support the possibility that 5x PerT stimulation
would produce weaker excitation of non-nociceptive afferents in participants with SCI (although this remains
to be confirmed). Third, thus, at the spinal level, the most likely mechanisms of altered cutaneous reflexes to
non-noxious input lie in altered interneurons and their network that serve as the bridge between the afferents
and motoneurons!7*%%°,

Spinal interneurons in the dorsal horn receive input from multiple afferent sources (i.e., including muscle,
skin, load, and joint receptors®' - either directly or indirectly”"*>-%. Since the excitability of those interneurons
is regulated by supraspinal descending drive!*$>%, after SCI disrupts such drive, the excitability of interneurons
that convey and process non-nociceptive input from Ap afferents may be diminished. The excitability of those
non-nociceptive interneurons may also be impacted by enhanced activity of nociceptive interneurons®®. This
possibility is further discussed in the section below.

In the present study, as an extension of cutaneous reflex excitability assessment, we extended the range of
non-noxious cutaneous inputs to examine if/how the spinal cord would process the difference in cutaneous
input within the non-noxious range. When the reflexes were compared between the two intensities of 1 xand
1.5%RT, they differed only occasionally in both participants with and without SCI. In considering where in the
non-nociceptive cutaneous input space these reflexes were examined, we expressed the stimulus intensities as
proportion of the pain threshold (Fig. 1). This helped to visualize the input range covered by 1xand L5xRT,
which were 0.47-0.68 x PainT on average across three nerves stimulated for participants with chronic incomplete
SCI and 0.46-0.70 x PainT for participants without SCI. The implication from this analysis is that the 0.22-
0.24 x PainT extent of non-nociceptive cutaneous input (i.e., AP excitation) difference might be processed only
marginally differently during static standing. The spinal pathways may process the gap more clearly if the input
difference is larger, delivered during a dynamic motor task such as walking®*?*, or occupied a different range
within the non-noxious range (e.g., 1.9 xand 2.3 x RT%). These possibilities are to be explored in future studies.

In this study, to quantify the persistence of pain pathway activation, we measured the pain thresholds with a
triangular increase and decrease of stimulus current and calculated the threshold gap, AL thus, the larger AI the
stronger the persistence of pain pathway activation would be. We found that Al tended to be larger in individuals
with chronic incomplete SCI than in individual without, suggesting enhanced pain pathway activation in
people with incomplete SCI. This trend was clearer with 1 s ITI than 4 s, partially reflecting a more robust
rate-dependent enhancement of pain pathway activation. The present findings are in agreement with Hornby
et al.'% who investigated the windup of flexion reflexes by stimulating the plantar surface of the foot. Hornby et
al. found that reflex facilitation with sub-threshold stimuli occurs with 1 s ITT but not with longer ITIs, and that
reflex windup with supra-threshold stimuli occurs with ITI of <3 s but not with longer ITIs. Thus, we believe the
validity of measuring pain thresholds with 4 s ITT; however, we cannot completely discard a possibility that using
an ITT of >4 s might have resulted in a more robust assessment of rate-dependent pain enhancement. To better
characterize spinal pain processing in people with and without chronic incomplete SCI, this ITT issue would
warrant more thorough investigation of its own in future studies. While more details of the ITI—pain pathway
activation relation remain to be clarified, the present findings suggest the potential utility of electrical nerve
stimulation in characterizing spinal nociceptive processing in chronic incomplete SCI. The positive correlation
between MPQ and AI measures to SPn stimulation found in this study further support such possibilities.

Asto a spinal mechanism of enhanced persistence of pain pathway activation in individuals with sensorimotor
impairments due to chronic incomplete SCI, an increase in the excitability of nociceptive afferents is unlikely,
since the PainT itself was not reduced in the present group of participants with chronic incomplete SCI. This leaves
altered excitability and/or behaviors of spinal interneurons that receive input from nociceptive afferents and/or
changes at afferent - interneuron synapses as potential spinal mechanisms of abnormal pain pathway activation
in this population. Reduced inhibition of interneurons that receive input from nociceptive afferents is a possible
mechanism; in rats with SCI, GABAergic inhibitory neurons in the dorsal horn are lost'7*%191-193 which could
explain a sign of hyperalgesia (e.g., a reduction in the stimulus required to elicit a withdrawal response) in those
animals'®? (see'® also). Aberrant sprouting of A8 and C afferents as well as A in the superficial layers in the
dorsal horn of the spinal cord beyond their typical termination zones observed in animals with SCI>-64104105
could also change the spinal pain processing>!%; for instance, interneurons that are responsive specifically to
nociceptive input could become responsive also to non-noxious input®® and continue firing even after cessation
of noxious stimulation®-%. These changes would also help to explain allodynia among individuals with
neuropathic pain. Altered excitability and firing behaviors in wide dynamic range (WDR) neurons, a class of
spinal interneurons that receive multimodal nociceptive and non-nociceptive input, including noxious and non-
noxious cutaneous input'®1%, could also be a part of prolonged pain pathway activation. The firing rate of WDR
neurons increases with increasing stimulus intensity (e.g., from innocuous light touch to noxious pinch)!%*110,
and it increases further in response to continual nociceptive input, which in turn can reinforce the pain state via a
positive feedback loop. Either reduced inhibition of WDR neurons from Ap afferent input (directly or indirectly)
or disinhibition of WDR neurons by A§ and C-fiber afferents (directly or indirectly) would result in enhanced
pain perception above the spinal cord!!!. In sum, presynaptic or postsynaptic alteration of the excitability and/or
firing behaviors of interneurons likely contributed to persistent pain pathway activation observed in the present
group of individuals with chronic incomplete SCL.

In the present study, we observed inconsistent and altered cutaneous reflexes to non-noxious stimuli and
enhanced persistence of pain pathway activation in participants with spasticity or neuropathic pain due to chronic
incomplete SCI, suggesting the concurrent occurrence of altered non-nociceptive processing and enhanced
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nociceptive processing in this population. The present correlation analyses between MLR and Al suggest
that the nociceptive and non-nociceptive processing is not immediately correlated as default (i.e., in people
without injuries), however. Interestingly, in participants with chronic incomplete SCI, a negative correlation
for MLR x AI appears with SPn stimulation, in part due to the concurrence of more inhibitory non-nociceptive
reflexes and pain persistence much stronger than that observed in individuals without SCI. It is possible that the
observed negative correlation is a product of SCI-induced adaptive plasticity'!2, or a partial reveal of existing
neurophysiological link between the nociceptive and non-nociceptive processing’’. Admittedly, the present
observations alone are not sufficient to adequately discuss whether the same neural substrates or pathways are
involved in both the nociceptive and non-nociceptive processing in the human spinal cord. Yet, it should still be
noted that there are interneurons whose dendrites extend from laminae III where non-nociceptive Ap afferents
terminate to laminae I where nociceptive afferents terminate!!® and that stimulating Ap afferents can influence
transmission of nociceptor afferents likely via inhibitory interneurons''*!!. Clearly, more mechanistic studies
are needed to determine whether and to what extent nociceptive and non-nociceptive pathways interact in the
spinal cord of people with sensorimotor impairments (e.g., spasticity and neuropathic pain) due to chronic
incomplete SCI and people without neurological injuries.

Implications

This study used non-invasive cutaneous nerve stimulation concurrently to characterize spinal processing of
nociceptive and non-nociceptive cutaneous input in individuals with sensorimotor impairments due to chronic
incomplete SCI. The findings from this study show that spinal processing of non-noxious cutaneous input is
inconsistent and altered while the processing of nociceptive input is enhanced in this population. Overall, in
the lower leg, these key observations are more readily spotted in the soleus muscle with SPn or SRn stimulation,
and thus, these muscle — nerve combinations could serve as useful tools for proving spinal non-nociceptive
and nociceptive pathways. MG or LG responses and responses to DTn stimulation were more variable across
individuals even without SCI, leading to less certainty of their potential utilities for diagnostic or characterization
purposes, at the moment.

With non-invasive nerve stimulation, by electrically stimulating the nerve axon bundle at different stimulus
intensities, we can examine non-nociceptive and nociceptive processing in a predictable manner, helping
to estimate the targeted pathways’ excitation threshold and their proportional recruitment!!*'* In using
peripheral nerve stimulation for examining spinal pathways and their excitability characteristics, what afferents
are stimulated at what stimulus intensities should be kept in mind. While weaker non-noxious stimulation likely
excites non-nociceptive AP afferents with larger axonal diameters only, the stimulation sufficiently strong to
induce pain sensation excites smaller diameter nociceptive Ad and C fiber afferents and larger diameter Ap
afferents. Thus, a sensation or muscle response elicited by noxious stimuli would be a product of mixed effects
of nociceptive and non-nociceptive input arrived and processed in the spinal cord, at least partly. In such spinal
processing (i.e., via interneuron circuits), different afferent input could be weighted differently (i.e., enhanced
or suppressed)?83682120 in different individuals (e.g., people with SCI or without) and in different posture or
sensorimotor tasks (e.g., at rest or during active muscle contraction)!?°-122, These facts and issues differentiate
electrical nerve stimulation from mechanical stimulation over skin surface!*!??, which would excite only the
sensory endings located in the skin that receive direct stimulation. Not limited to the specific experimental
procedures used in this study, it would be quite possible to use non-invasive electrical stimulation of a cutaneous
nerve with many different intensities and/or intervals to investigate and characterize the excitability, modulation,
and plasticity of spinal nociceptive and non-nociceptive pathways in people with chronic incomplete SCL.

Note that since both SCI and non-SCI groups contained participants over wide age ranges, with the SCI
group’s mean age being higher, the age is a methodological limitation of the present study. To address this
potential aging effect concerns, we assessed the presence and extent of study measures x age correlation in each
group (see Methods—Participants). Pearson’s r values were not significant for all measures in both groups. Thus,
the impact of age difference on the study findings was likely limited.

Methods

Participants

Seventeen individuals with sensorimotor impairment due to chronic incomplete spinal cord damage (11 males,
6 females) aged 39-74 yrs (55.5+9.8 years, mean +SD) and thirteen individuals with no known neurological
conditions (6 males, 7 females) aged 24-60 yrs (40.2 + 11.2 years) participated in this study. Profiles of individuals
with SCI are summarized in Table 2. Prior to testing, all participants provided written informed consent that
was approved by the Institutional Review Board of the Medical University of South Carolina. This study was
conducted in accordance with the Declaration of Helsinki. Since both SCI and non-SCI groups contained
participants over wide age ranges, and the SCI group’s mean age was higher, Pearson’s r (correlation coefficient)
between different study measures and participant age was calculated in each group. For each and all of the soleus,
MG, and LG MLRs elicited by SPn, SRn, or DTn stimulation at 5 x perceptual threshold (PerT), the correlation
with age was not significant in either the SCI group or non-SCI group (P > 0.05 for all). Similarly for the age x AT
correlation was not statistically significant for 4 s ITI or 1 s ITI and for SPn, SRn, or DTn stimulation (P >0.05
for all in both groups). Thus, it is unlikely that the difference in age between the groups influenced the study
findings in major ways.

For participants with SCI, the inclusion criteria were (1) neurologically stable (>1 year after lesion, and
no changes to medication for the past 3 months), (2) at least unilateral presentation of clinical spasticity in
the plantarflexors (e.g., increased muscle tone,>1 on modified Ashworth Scale [mAS]) or at least unilateral
presentation of clinical pain in the lower extremity (e.g., score of>20 on the Montreal Pain Questionnaire
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Studied Leg
D Age, years | Sex | Injury Level | Time post-SCI, years | Injury Cause | Medication | Pain (MPQ) | Spasticity (mAS) | SoleusH__ (%M, )
1 64 F C5 12 NT - 1 2 88
2 46 F T10-T12 1 NT B,G 33 2 90
3 50 M | T2-T8 7 NT G 24 1+ 71
4 61 F T4-T5 3 T B,G 29 2 95
5 63 M | C5-C7 10 T B,G 0 3 7
6 74 M C5 22 NT B 0 1+ 78
7 63 M | C5-Cé 18 T B,G 22 1+ 33
8 64 F T11 27 T - 39 1+ 44
9 65 F C4-C5 15 T - 0 1+ 46
10 49 M | T12 28 T - 34 0 4
11 41 M | Cl-C4 2 T - 20 3 66
12 45 M T7-T8 1 NT - 19 1+ 91
13 52 M |[C4 4 T G 27 2 36
14 56 F C6-T7 11 NT B,G 0 2 9
15 50 M C3-T1 4 NT B,G 20 1 15
16 39 M |[T12 10 T G 16 0 25
17 61 M | C2-3 2 NT G 25 1 88
Non-SCI | 45.5+31.7* 51+£32*

Table 2. Characteristics of the study participants with chronic incomplete spinal cord injury. F, female; M,
male; mAS, Modified Ashworth scale; MPQ, McGill Pain Questionnaire; N'T, nontraumatic; SCI, spinal cord
injury; T, trauma. *means = SD.

[MPQ)]), (3) medical clearance to participate, and (4) ability to stand with or without an assistive device for
3 min. Note that chronic stable use of anti-spasticity medication such as baclofen and gabapentin was accepted.
Exclusion criteria were (1) motoneuron injury, (2) known cardiac conditions, (3) medically unstable conditions
(including pregnancy), (4) cognitive impairment, (5) uncontrolled peripheral neuropathy, (6) extensive use
of electrical spinal stimulation (transcutaneous or epidural) for pain treatment, (7) daily use of electrical
stimulation (e.g., foot-drop stimulator), and (8) complete lack of cutaneous sensation around the foot. In each
participant with SCI, the more affected leg was studied. The more affected leg was defined as the one with more
severe spasticity, or if the person also had neuropathic pain, the one with more severe pain and spasticity. The
presence of spasticity and/or neuropathic pain was confirmed with standard clinical examination and medical
record review performed by a licensed research therapist (BHSD).

For participants without SCI, inclusion criterion was 1) ability to stand with or without an assistive device
for 3 min. Exclusion criteria were free from (1) known neurological conditions and (2) lower limb orthopedic
injuries within the past year.

General procedures

For each participant, all data were collected in a single experimental session. At the beginning of the session,
electromyography (EMG) recording electrodes were placed over the triceps surae and tibialis anterior (TA).
Then, by stimulating the posterior tibial nerve in the popliteal fossa, the maximum M-wave (M, ) was measured
for each of the triceps surae [soleus, medial gastrocnemius (MG), and lateral gastrocnemius (LG)] while the
participant stood and maintained the natural standing level of soleus and TA EMG activity. Next, the SPn, SRn,
and DTn stimulating electrodes were placed around the ankle, and the perceptual threshold (PerT) and radiating
threshold (RT) were obtained with SPn, SRn, and DTn stimulation separately during standing. Then, cutaneous
reflexes to non-noxious stimuli were elicited while the participants stood and maintained the natural standing
level of soleus and TA EMG activity (see EMG and nerve stimulation). Finally, the two kinds of pain thresholds
were measured by ramping up and down the stimulus current in a triangular manner during standing (see EMG
and nerve stimulation below). During the experimental session, a two-wheeled walker was placed in front of the
participant. The participant was allowed to use the walker for balancing during standing as needed.

EMG and nerve stimulation

EMG signal was recorded continuously from the soleus, MG, LG, and TA ipsilateral to the stimulation site,
using pairs of self-adhesive surface Ag-AgCl electrodes (2.2 3.3 cm, Vermed/ Nissha Medical Technologies,
Buffalo, NY) with their centers~3 cm apart. TA, MG, and LG electrodes were placed over the muscle belly,
and soleus electrodes were placed below the gastrocnemii and in line with the Achilles tendon as reported
in previous studies that examined EMG and reflexes in these muscles®#>46:120-122124-127 (fo; visualization of
electrode locations, see Fig. 1 of* and'?’). EMG signals were amplified and bandpass filtered at 10-1000 Hz
(AMT-8, Bortec Biomedical, Calgary, AB, Canada), and sampled and stored at 4000 Hz (Axon Digidata 1440A,
Molecular Devices, San Jose, CA, USA).
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Fig. 6. Experimental setup. a: Locations of cutaneous nerve stimulating electrodes; the nerve stimulated are
the superficial peroneal nerve (SPn), sural nerve (SRn), and the distal tibial nerve (DTn). b: An example of
stimulus current control during pain threshold detection with 1 s inter stimulus train interval (ITI). Each dot
indicates delivery of a stimulus train. PainT_ : stimulus current at which the stimulation became first painful.

PainT, _ :the last stimulus current at which the stimulation was painful. See text for detailed descriptions.

To obtain the M___in each of the triceps surae (i.e., soleus, MG, and LG), the posterior tibial nerve was
stimulated in the popliteal fossa using Ag-AgCl electrodes (2.2 x 2.2 cm for the cathode and 2.2 x 3.3 cm for the
anode, Vermed). Single square pulses (typically 1 ms in pulse-width) were delivered through a Digitimer DS7A
constant current stimulator (Digitimer Limited, Letchworth Garden City, UK) while the participant stood and
maintained the natural standing level of soleus and TA EMG activity. This natural standing level of background
EMG corresponded to 13-19 uV (in SCI) and 14-20 pV (in non-SCI) of absolute EMG activity for the soleus
and <7 uV for the TA in both groups. The minimum inter-stimulus interval was 5 s. The tibial nerve stimulus
intensity was increased gradually from below soleus H-reflex threshold level to the maximum H-reflex (H,_, )
to beyond a level that was required to elicit the M__*!%12>128 Typically, two to four responses were averaged at
each stimulus level including the M,___level.

To stimulate cutaneous nerves, pairs of 2.2x2.2 cm electrodes were placed near the ankle to target each
of the SPn, SRn, and DTn innervation area of the skin. For SPn stimulation, an anode was placed near the
anterior portion of the ankle and a cathode on the foot dorsum. The SRn was stimulated posteriorly to the
lateral malleolus while the DTn was stimulated posteriorly and/or distally to the medial malleolus (Fig. 6).
Cutaneous nerve stimulation was delivered as a train of five 1 ms pulses at 200 Hz through a Grass S48 stimulator
(Natus Neurology Grass, Warwick, RI) and a Digitimer DS7A constant current stimulator (Digitimer Limited).
Cutaneous nerve locations were optimized to generate the strongest cutaneous sensation over the largest skin
area at a given stimulus current. Once optimized, PerT (i.e., smallest stimulus intensity that produces discernible
sensation) and RT (i.e., smallest stimulus intensity that produces radiating paresthesia over the maximum skin
area) were determined in standing.
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To measure cutaneous reflexes to non-noxious stimuli, each cutaneous nerve was stimulated at the 5 x PerT
current intensity while the participant stood and maintained the natural standing level soleus and TA EMG
activity. If a participant perceived 5 x PerT stimulation as painful, this portion of the experimental procedure
was skipped. To assess how/if the spinal cord processes different intensities of non-noxious cutaneous input,
cutaneous reflexes to 1xand 1.5xRT levels of stimulation were also measured. For each stimulus intensity
(i.e., 5x PerT, 1 xRT, and 1.5xRT), 20 responses were obtained while the participant stood and maintained the
natural standing level soleus and TA EMG activity.

To measure the pain thresholds, the cutaneous nerve stimulation current was gradually increased and
decreased in a triangular manner with 1 s and 4 s inter stimulus train intervals (ITIs) during standing. For
each ITL, two pain thresholds were measured: PainT and PainT,_ _ .PainT  was determined by gradually (i.e.,
by 1-2 mA, every two stimulus trains) increasing the stimulus current from PerT to the point at which the
stimulation became painful. At the intensity that was perceived as painful the first time (ie., PainT ), four
trains were delivered. Then the stimulus current was gradually decreased by =1 mA steps every two trains until
the stimulation was no longer painful. PainT,  was defined as the last stimulus intensity that was perceived
to be painful. A specific set of descriptors were used to determine these pain thresholds. The occurrence of one
or more of the following sensations was defined as pain experience: “sharp,, “burning,” “drilling,” “aching, and
“stinging”!%.

Data analysis

For;méach of the triceps surae, M, sizes was calculated in the full-wave rectified EMG signal as the difference
between the background (i.e., prestimulus) EMG and the mean amplitude over the M-wave window. Typically,
the M-wave was measured over 6-22 ms post-stimulus period for the soleus and 5-20 ms post-stimulus for the
MG and LG**>!2%, In addition, to aid the description of participants with SCI, the maximum H-reflex (H__ ) was
also calculated from the triceps surae recruitment curve measurement and expressedasa % M, . . The H__ values
were 51.1+32.4%M_[SCI] and 45.5+£23.3%M,__ [non-SCI]) for the soleus (see Table 2), 29.1+24.1%M_
[SCI] and 14.7+7.2%M__[non-SCI] for the MG, and 29.0£25.7%M____[SCI] and 20.6 +12.4%M___[non-SCI]
for the LG.

Cutaneous reflexes

Cutaneous reflexes can be measured in two latency components: short latency response (typically measured over
50-80 ms post-stimulus onset) and medium latency response (MLR, over 80-120 ms post-stimulus onset)*31-84,
While both reflex components reflect spinal non-nociceptive processing?:777*82858  amplitude modulation
tends to be more robust with MLRs*. Thus, we examined MLRs for the purposes of this study. For each nerve
stimulation condition for each participant, the MLR window was determined individually with visual inspection
of the averaged EMG sweep. If no discernable MLR was present, the latency window of 80-120 ms post stimulus
onset that was used for MLR*#3139-132 The MLR amplitude was calculated on the full-wave rectified EMG as the
difference between the EMG amplitude over an MLR window and the background EMG calculated over 50 ms
of prestimulus period. MLR amplitude was calculated for each trial first, and then 20 MLR values were averaged
together for each participant’s each nerve stimulation condition. To compare cutaneous reflexes amplitudes
between the groups (i.e., at 5 x PerT) or between the intensities (i.e., 1 xand 1.5 x RT), MLR reflex amplitude was
normalized to the M, _for each participant’s each triceps muscle.

Expression of cutaneous nerve stimulus intensities

In the present study, we used three relative levels (i.e., 5x PerT, 1 xRT, and 1.5 x RT) of non-noxious cutaneous
nerve stimulation to examine cutaneous reflexes. To assess where in the non-noxious stimulus current space
these reflexes were examined, each of the 5xPerT, 1 xRT, and 1.5xRT stimulus intensities was expressed as a
multiple of the pain threshold (PainT). For this, PainT was the same as PainT, measured with 4 s ITL

Persistence of pain pathway activation

The difference (or gap) between PainT  and PainT, _ (i.e., difference in up- and downward pain threshold
currents, Al) reflects “how much reduction in input current is needed to turn off the persistent activation
of pain pathway” Thus, AI was treated as a surrogate measure of the persistence of pain pathway activation.
Conceptually, this measure shares some similarities with the analysis of dendritic persistent inward current in
motoneurons®*133-137. For each participants each nerve stimulated, Al was calculated separately for 1 s and 4 s
ITIs.

Rate-dependent enhancement of pain

To examine the presence and extent of a rate-dependent enhancement of pain, the difference in AI between 1 s
ITI and 4 s ITI conditions was calculated. The greater Al difference between the two ITIs would indicate the
greater rate-dependent enhancement of pain pathway activation. AI difference of “0” means no rate-dependent
enhancement.

Statistical analysis

With cutaneous nerve stimulation and non-noxious cutaneous reflexes, nerve specificity and inter-muscle
differences in how the reflexes appear (i.e., inhibitory or excitatory) are well known”#2138, Thus, in this study,
to address the question of whether the values of a study measure are different between the SCI group and the
non-SCI group, we used independent t test on SCI vs. non-SCI, instead of group x nerve or group x muscle
2-way ANOVA. Participant characteristics, PerT and RT, stimulus intensities, MLRs at 5 x PerT, PainT, and Al
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were all analyzed this way. For the assessment of whether the spinal cord would process two different levels of
non-noxious cutaneous input, 1 xRT vs. 1.5x RT cutaneous reflex comparisons were made using a paired ¢ test
within each group. For these 1 xRT vs. 1.5xRT comparisons, the sample size became smaller than those of
between-group comparisons, since RT could not be established and/or a stimulus current for 1 x or 1.5 x RT were
perceived as painful'? in some of the participants. To evaluate if the extent of non-nociceptive stimulus range
covered by 1xand 1.5xRT stimulation differed between the groups, the stimulus intensity range expressed
inxPainT was also assessed with independent ¢ test. For all independent ¢ tests, variances were tested with
Levene’s test for equality of variances. When equal variance could not be assumed, the degrees of freedom were
adjusted. Homogeneity was assessed with Levene’s test for equality of variances. When equal variances could
not be assumed, un-pooled variances and a degrees of freedom correction was applied. Note that in no part of
the statistical analysis, a given set of measures (e.g., MLR to SRn stimulation at 5xPerT) was compared through
multiple t-tests.

To evaluate whether cutaneous reflex measures are related to Al obtained with 1 s ITI, Pearson’s r (correlation
coefficient) for cutaneous reflexes x A was calculated for each muscle and nerve. In addition, to assess whether a
clinical measure of pain or spasticity is correlated with persistence of pain or non-nociceptive cutaneous reflexes,
in participants with SCI, Pearson’s r was calculated for MPQ score x ATat4 s ITI, MPQ x Al at 1 s ITI, MPQ x rate-
dependent AI enhancement, MPQ x MLR at 5 x PerT stimulation, mAS score x Al at 4 s ITT, mASx Al at 1 sITI,
mAS x rate-dependent Al enhancement, and mAS x MLR at 5 PerT stimulation.

All statistical analyses were performed using IBM SPSS Version 28 and a level was set at 0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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