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Summary (25 words max): This study highlights the value of pain-autonomic interaction to 

assess residual spinothalamic tract function and its relation to neuropathic pain after 

spinal cord injury.  
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Abstract 

The clinical evaluation of spinal afferents is an important diagnostic and prognostic marker 

for neurological and functional recovery after spinal cord injury (SCI). Particularly 

important regarding neuropathic pain following SCI is the function of the spinothalamic 

tract (STT) conveying nociceptive and temperature information. Here, we investigated the 

added value of neurophysiological methods revealing discomplete STT lesions, i.e., residual 

axonal sparing in clinically complete STT lesions. Specifically, clinical pinprick testing and 

thermal thresholds were compared to objective contact heat-evoked potentials (CHEPs) 

and a novel measure of pain-autonomic interaction employing heat-induced sympathetic 

skin responses (SSR). The test stimuli (i.e., contact heat, pinprick) were applied below the 

lesion level in 32 subjects with thoracic SCI while corresponding heat-evoked responses 

(i.e., CHEPs and SSR) were recorded above the lesion (i.e., scalp and hand, respectively). 

Readouts of STT function were related to neuropathic pain characteristics. In subjects with 

abolished pinprick sensation, measures of thermosensation (10%), CHEPs (33%) and SSR 

(48%) revealed residual STT function. Importantly, SSRs can be used as an objective 

readout and when abolished, no other proxy indicated residual STT function. No relation 

was found between STT function readouts and spontaneous neuropathic pain intensity 

and extent. However, subjects with clinically preserved STT function presented more often 

with allodynia (54%) than subjects with discomplete (13%) or complete STT lesions (18%). 

In individuals with absent pinprick sensation, discomplete STT lesions can be revealed 

employing pain-autonomic measures. The improved sensitivity to discern STT lesion 

completeness might support revealing the interference with neuropathic pain following 

SCI. 
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Introduction 

Spinal cord injury (SCI) results in disrupted sensorimotor communication through the site 

of neuronal damage. The standard neurological classification of an SCI encompasses 

sensory and motor testing, and defines a clinically complete SCI by the absence of 

sensorimotor function in the most sacral segments of the spinal cord 1. Early studies from 

the 1980s reported preserved supraspinal motor control in subjects with such clinically 

complete SCI, and shaped the terminology of “discomplete” lesions 2-4. The term 

"discomplete lesion" was defined as neurophysiological evidence of residual axonal 

sparing in clinically complete lesions 3, 5. Further studies revealed a notable amount of 

subjects with discomplete SCI, and the terminology was extended to the sensory system 

assessed with magnetic resonance imaging or electrophysiology 6-9. The identification of 

residual subclinical neuronal function offered a possible explanation for the prevalence of 

excessive spasticity 10 and potentially also of neuropathic pain (NP) after SCI 11. For the 

development of NP, residual function of the spinothalamic tract (STT) might be of 

particular importance. Multiple studies indicated that lesions of spinothalamic projections 

are necessary, however not sufficient, for the development of NP 12, 13. Strikingly, STT 

damage did not predict NP after SCI 14, but residual STT function contributed to severe NP 

11, 15. Additionally, partial integrity of pain pathways measured by laser-evoked potentials, 

increase the probability of developing stimulus-evoked pain, i.e., allodynia and 

hyperalgesia 16. 

The neurological assessment of an SCI contains pinprick testing as a proxy for STT function 

1. This clinical bedside testing can be complemented with thermal stimulation, in particular 

cold and warm detection thresholds, to test STT integrity 17-20. In addition to bedside 

examination tools used in the clinical work-up of spinal lesions, electrophysiological 

methods including pain-related evoked potentials provide objective evidence of preserved 

somatosensory function 21, 22. In particular, contact heat-evoked potentials (CHEPs) 

provided additional value revealing residual STT function compared to pinprick testing in 

subjects with spinal disorders 23, 24. In general, contact heat or laser stimuli activate 

thermo-nociceptive primary afferents projecting to the fast-conducting STT 25. The 

synchronized afferent volleys are relayed though thalamic nuclei and further processed 
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within the insular and anterior cingulate cortex 26, 27 ultimately being recordable as pain-

related evoked potentials. Beyond this activation pattern, nociceptive stimuli activate the 

central autonomic network comprised of multi-synaptic spinal pathways to brainstem 

regions including the reticular formation, nucleus tractus solitarii, parabrachial nucleus, 

and ventrolateral medulla 28. Further, the activation of the medial thalamic nuclei is 

conveyed to several brain regions including the amygdala and hypothalamus 28. The 

activation of the central autonomic network by painful stimuli results in sympathetic 

activity, e.g., increased vascular and sudomotor function 28, 29. The fact that thermo-

nociceptive stimuli are processed in manifold ways along the nociceptive neuraxis and 

thereby evoke different somatosensory and autonomic responses, may be leveraged as 

part of the assessment of the functional integrity in spinal lesions. Therefore, the primary 

objective was to investigate measures of pain-autonomic interaction, i.e., heat-induced 

sympathetic skin responses (SSRs), as a readout for residual STT function in subjects with 

SCI. Our hypothesis was that the measure of heat-induced SSR has an additional value by 

unmasking discomplete STT lesions compared to conventional clinical testing, i.e., pinprick 

and thermal thresholds, and CHEPs. The secondary objective was to investigate how 

residual STT function relates to the presence and clinical phenotype of NP after SCI. We 

hypothesized that subjects spared STT function after SCI are more likely to report 

spontaneous NP and allodynia. 

Methods 

Subjects 

This study was carried out in 34 subjects with chronic thoracic SCI. Subjects were recruited 

through the Swiss Spinal Cord Injury Cohort Study (SwiSCI) database and a local outpatient 

registry at Balgrist University Hospital in Zurich, Switzerland. Inclusion criteria comprised of 

i) SCI for at least one year, ii) neurological level of injury between T1-T12. Exclusion criteria 

were as follows: i) neurological disorders other than SCI, ii) psychiatric or cognitive status 

interfering with the study. 

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 6 of 30 
 
 
 

6 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Study design 

The study was designed as a 1-visit, cross-sectional study. All subjects provided written 

informed consent, and all procedures were in accordance with the Declaration of Helsinki. 

The study was approved by the local ethics board ‘Kantonale Ethikkommission Zürich, KEK’ 

(ref.number: EK-04/2006, PB_2016-02051, cinicaltrial.gov: NCT02138344). Subjects filled 

out the German version of the Pain Catastrophizing Scale (PCS) 30 and the Beck Depression 

Inventory-II (BDI-II) 31 in order to assess the possible confounding effects of pain 

catastrophizing and mood on pain experience 32. A clinical assessment and pain 

phenotyping as well as the neurophysiological testing (see Figure 1) were done in a supine 

position in a quiet room with ambient temperature and minimized external confounders 

for steady electrophysiological recordings. 

Clinical assessment and pain phenotyping 

Subjects underwent a standard neurological assessment (International Standards for 

Neurological Classification of Spinal Cord Injury, ISNCSCI) where sensorimotor complete 

SCI (American Spinal Injury Association impairment scale; AIS A) is defined as absent sacral 

sparing (S4-5 dermatomes), and sensory and/or motor function is preserved in incomplete 

SCI (AIS B-D) 1. Pinprick testing on the right mid-thigh (L2 dermatome), an area below the 

lesion, was used as a proxy for STT integrity. Next to pinprick, thermosensation was tested 

using cold and warm detection thresholds (CDT, WDT) in accordance with the German 

Research Network on Neuropathic Pain (DFNS) protocol 33. A contact heat stimulator 

(PATHWAY Pain & Sensory Evaluation System, Medoc Ltd., Ramat Yishai, Israel) using a 

thermode with a 3x3cm contact surface and a heating and cooling rate of 1°C/s was 

applied with safety cut-offs at 0 and 50°C 18. 

The pain phenotyping included a central NP assessment according to the International 

Association for the Study of Pain (IASP) Neuropathic Pain Special Interest Group (NeuPSIG) 

guidelines 34, 35. The NP subtype was classified as at-level or below-level according to the 

International Spinal Cord Injury Pain criteria 36. Presence of allodynia was tested with 25°C 

and 40°C thermorollers (Somedic, Hörby, Sweden), a brush, and the International Spinal 

Cord Injury Pain Data Set (ISCPDS) questionnaire 35. Based on previous literature, pain 

extent was reported as the number of 13 body regions being affected by NP 18, 35 and with 
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pain drawings using two DIN-A4 papers with standardized body charts (frontal/dorsal 

view) 37. Shaded body areas of perceived NP at the moment were assessed by a) verbal 

descriptors, b) pain intensity (numeric rating scale, NRS; ‘0’ = no pain, ‘10’ = worst pain 

imaginable), and c) type of NP (evoked or spontaneous). Only NP intensities of ≥3 NRS 

were take into account for further analyses. The shaded pixels were analyzed as 

percentage of total body area.  

Contact heat-evoked potentials 

CHEPs recordings were performed based on a previously published set-up 23, 24, 38-41. 

Briefly, 20 heat stimuli to the right mid-thigh, i.e., below the lesion level (see Figure 1), 

were applied after a familiarization on the left forearm. The heat stimuli had a baseline 

and destination temperature of 42°C and 52°C, respectively 23, 24, 38, 41. Within the inter-

stimulus interval of 15–19 sec, the thermode positioning was slightly changed to avoid 

peripheral adaptation 42. Subjects were instructed to rate the pain intensity of the applied 

heat stimulus on the NRS after an auditory signal. CHEPs were recorded at the vertex (Cz, 

referenced to the earlobes) using a customized LabVIEW program (V2.04 CHEP, ALEA 

Solutions, Zurich, Switzerland) with a recording time of 10 seconds including a one-second 

pre-trigger window. The signals were acquired at 2000 Hz using a preamplifier (20000x, 

ALEA Solutions, Zurich, Switzerland) and band-pass filtered in the range of 0.5-30 Hz. 

During offline analysis, individual trials were inspected by two examiners for artefacts (e.g., 

coughing, blinking and spasticity). The resulting 15 artifact-free trials were averaged to 

determine N2 latencies and N2P2 amplitudes. 

Pain-autonomic interaction: Sympathetic skin responses 

While CHEPs were recorded as cortical responses to noxious heat stimuli, sympathetic 

sudomotor activity elicited by the same noxious stimulus, i.e., heat-induced SSRs, were 

simultaneously measured as a readout for pain-autonomic interaction (see Figure 1). SSRs 

were recorded with self-adhesive recording electrodes (AMBU BlueSensor NF-50-K/W, 

Ambu, Denmark) at the left hand. The signals were acquired with the same setup as 

described above for CHEPs albeit using a moving average filter of 50 samples for the 

recorded signal. Quantitative analysis of the SSR trials included the latency and peak-to-

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 8 of 30 
 
 
 

8 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

peak amplitude. In order to ensure intact sympathetic innervation of the recorded hand, 

heat stimuli were also applied above the lesion level, i.e., at the volar forearm. 

Data classification and statistics 

The four proxies of STT function, i.e., pinprick-, thermosensation, CHEPs and SSR, were 

grouped into "abolished" and "preserved" function. Preserved function was assumed if i) 

the pinprick score was a 1 (impaired) or 2 (normal) 1, ii) any thermal thresholds could be 

measured, iii) any CHEP was recordable, even with delayed latency or small amplitude, and 

iv) two or more out of five heat stimuli resulted in SSRs 43-45. 

Further, we introduced three classifications of STT lesion completeness: 1) "Incomplete” 

and 2) "complete” STT lesions based on subjective clinical pinprick- and thermosensation 

being preserved or abolished, respectively. 3) “Discomplete” lesions classified by 

preserved objective CHEPs and/or SSRs readouts in “complete” STT lesions (abolished 

clinical measures) 3, 5-8. 

Statistical analyses were performed using R Studio (version 4.0.4). Normal distribution was 

tested using the Shapiro-Wilk tests and histograms. As most parameters were non-

normally distributed, the data is reported as median and inter-quartile range (25th-75th 

percentile). Chi-square and Kruskal-Wallis tests were performed to compare pain 

parameters between three STT lesion classifications, with p<0.05 considered as statistically 

significant. 

Results 

Subject characteristics 

Thirty-two out of the 34 SCI subjects were included in the study. Reasons for dropout were 

a small fiber neuropathy detected during the study measures (n=1) and an inability to 

follow experimental instructions (n=1). Demographics and clinical subject characteristics 

are listed in Table 1. The subjects (5 females, 27 males) had a median age of 57.5 years 

(53.7-62.3 years) and a time since injury of 14.5 years (8.3-24.2 years). Half of the subjects 

were classified as sensorimotor complete (AIS A). NP below the level of injury was 

reported in 18 subjects (intensity: 5.8 NRS [3.5-7.0], extent: 5.5 regions [4.0-7.0 regions] or 

11.5% [5.3 – 35.8%] of total body area, see Table 2 for NP characteristics). The median PCS 
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score of 10.0 points [3.0 – 15.75 points] and BDI-II score of 7.0 points [3.0 – 10.5 points] 

reflected clinically relevant catastrophizing 30 in only one subject (32 points) and no 

moderate or severe depression in the total study cohort. Further, the PCS and BDI-II scores 

were neither related to the presence of spontaneous NP (p=0.931, p=0.193, respectively) 

nor to the presence of evoked NP (p=0.394, p=0.089, respectively).The current pain 

medication included anti-epileptic drugs (n=8), non-steroidal anti-inflammatory drugs 

(n=5), antidepressants (n=4) and cannabinoids (n=1). 

STT function – from clinical to electrophysiological assessments 

Based on the pinprick score (ISNCSCI examination) of the thigh, 21 subjects (66%) 

presented with abolished and 11 (34%) with preserved STT function. Thermosensation 

(CDT and WDT) was abolished in 20 (62%) and preserved in 12 subjects (38%). The latter 

group showed a CDT of 28.4°C (20.5-30.2°C) and a WDT of 37.3°C (35.6-42.6°C). 

Electrophysiological testing revealed 16 subjects with recordable CHEPs (50%) and 

abolished ones in the other half. Compared to normative data, the SCI subjects presented 

with increased CHEP latencies (N2 latency: 356 (350-442) ms) and lower pain ratings (3.5 

(1.8-6.6) NRS), while CHEP amplitudes (N2P2 amplitude: 21.6 (17.1-27.9) µV) were within 

normal range 41. Interestingly, SSRs were recorded in more than half of the subjects (66%, 

21/32) after contact heat stimulation of the thigh. All analyzed SSRs (amplitude: 1212 (904-

1836) µV; latency: 1.92 (1.85-2.04 s)) were time-locked to the stimulus. 

Intact nociceptive processing above the level of injury was guaranteed in all subjects as 

they showed preserved CHEPs and palmar SSRs after stimulation of the volar forearm. This 

also confirmed the integrity of efferent sympathetic pathways to the hands (recording 

site). 

A summary of pinprick sensation and electrophysiological outcomes is shown in Figure 2. 

All subjects with normal pinprick sensation presented with recordable CHEPs and SSRs, in 

line with preserved STT function. Out of the six subjects with impaired pinprick sensation, 

CHEPs were recorded in four (67%) and SSR in all subjects (100%). Most importantly, in the 

21 subjects with absent pinprick sensation, thermosensation was preserved in two (10%), 

whereas CHEPs were recorded in seven (33%) and SSR in ten subjects (48%). Additionally, 

heat-induced SSRs as a readout for pain-autonomic interaction was more sensitive for 
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preserved STT function compared to CHEPs (abolished CHEPs, but preserved SSR, n=5). 

Ultimately, when SSRs were abolished, none of the other proxies indicated preserved STT 

function. Representative examples of CHEPs and SSRs recordings are shown in Figure 3. 

Completeness of STT lesion and neuropathic pain 

Sensorimotor complete (AIS A) subjects presented with more severe STT damage (9 

complete, 6 discomplete, 1 incomplete STT lesion) than sensorimotor incomplete subjects 

(AIS C: 2 complete, 3 discomplete, 0 incomplete; AIS D: 0 complete, 4 discomplete, 7 

incomplete STT lesions). 

Figure 4 depicts a flow chart including both clinical and both electrophysiological proxies 

for the classification of STT lesion completeness. Based on clinical measures of pinprick- 

and thermosensation, 13 subjects had an incomplete and 19 subjects had a complete STT 

lesion. Strikingly, eight of the subjects with a clinically complete STT lesion presented with 

recordable CHEPs and/or SSRs, and were therefore defined as having a discomplete lesion. 

The electrophysiological parameters for the three STT lesion classifications are displayed in 

Table 3. 

The NP phenotype for the three different STT lesion classifications can be seen in Table 4. 

The presence of spontaneous NP was equally distributed over the three groups; 62% of 

subjects with incomplete, 50% with discomplete, and 55% with complete STT lesions 

(p=0.866). Furthermore, no group differences were seen for NP intensity (p=0.784), extent 

(p=0.401), nor psychological readouts (PCS, p=0.644; BDI, p=0.876). Allodynia was most 

prevalent in subjects with incomplete STT lesions (54%), compared to subjects with 

discomplete or complete STT lesions (13% and 18%, respectively, p=0.072). 

 

Discussion 

This study highlights the additional value of pain-autonomic interaction measures in the 

assessment of residual STT function in SCI subjects. The objective neurophysiological 

recordings of CHEPs and heat-induced SSRs revealed discomplete STT lesions in subjects 

with abolished sensation measured by conventional clinical sensory testing. The 

concurrent recording of SSR, in addition to cortical responses to heat stimuli, further 

improves the detection of residual STT function. Additionally, our results reveal an 
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association of STT function with the presence of allodynia, while spontaneous NP was not 

related to the degree of STT lesion completeness. 

The value of pain-autonomic interaction measures detecting discomplete spinal 

lesions 

Awad and colleagues revealed discomplete lesions in around 50% of sensorimotor 

complete subjects using both innocuous tactile and sharp nociceptive stimuli 7. In 

comparison, our study revealed 42% discomplete lesions in subjects without clinically 

preserved pinprick sensation. While pinprick testing assesses mechano-nociceptive 

processing along the neuraxis including peripheral Aδ fibers and the STT 46, our other 

proxies rely on thermo-nociceptive processing. We particularly focused on the thermo-

nociceptive system with the spinothalamic and spinoreticular tract as main ascending 

systems within the anterolateral system of the spinal cord 47. In accordance with several 

studies 17, 23, 24, subjects with absent pinprick sensation or thermal thresholds showed 

subclinical preservation of STT function assessed by CHEPs (7/21 and 8/21, respectively). 

On average, the preserved CHEPs had prolonged latencies compared to normative data, 

indicating damage to the nociceptive neuraxis 41, 48. Further, we showed that the preserved 

STT integrity in discomplete STT lesions was associated with longer CHEPs N2 latencies and 

lower SSR peak-to-peak amplitudes compared to incomplete STT lesions. This finding 

highlights altered electrophysiological recordings in subjects with partial damage of the 

STT, i.e., discomplete lesion.  

Next to CHEPs, measures of heat-induced SSR even increased the number of detectable 

discomplete lesions (8/19). The recording of palmar SSRs in all subjects when stimuli were 

applied above the lesion level, assures the integrity of the pain-autonomic interaction 

including intact efferent sympathetic innervation of the palmar eccrine sweat glands. This 

is of particular importance when interpreting the SSR recording and using it as a proxy for 

afferent nociceptive processing. However, in comparison to previous literature, the 

preserved SSRs in our study sample had prolonged latencies possibly attributable to 

impaired afferent conduction in line with damage to the nociceptive neuraxis 48. 

Preservation of CHEPs and SSR despite loss of the respective perceptual correlates 

suggests a dissociation of spared nociceptive signaling from subjective pain perception. 
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Indeed, there is evidence that sympathetic responses are more related to stimulus 

intensity than subjective pain perception 49. Our results support this dissociation of spared 

nociception from pain perception with subjects showing no pinprick and thermal 

sensation, but recordable SSRs 6. For example, a potential confounding effect of 

stimulation awareness on SSR recordings can especially be neglected in subjects without 

perceived heat pain (n=8). 

The comparison of the objective proxies for STT function revealed that roughly one-third 

of the subjects with abolished CHEPs had preserved SSRs (5/16). This difference might be 

explained by the fact that thermo-nociceptive stimuli are processed in different pathways 

along the nociceptive neuraxis. While the generation of cortical evoked potentials after 

radiant heat stimulation relies in particular on thermo-nociceptive Aδ fibers and fast-

conducting fibers of the lateral STT, i.e., neospinothalamic tract, SSR can be elicited by a 

variety of afferent signaling, e.g., electrical, heat, cold 16, 50. Specifically, the spino-reticular-

thalamic system is assumed to be involved in alertness and arousal in response to 

nociceptive stimuli. Slower conducting multi-synaptic pathways, i.e., paleospinothalamic 

tract, might be responsible for SSRs when fast-conducting fibers in the lateral STT are 

damaged (abolished CHEPs) 25, 47. Another possible explanation for improved sensitivity, 

might be that CHEPs are reported to be dependent on highly synchronized afferent volleys 

23, 24, while SSR might be elicited via less intact fibers since already minor arousing stimuli 

are captured with autonomic recordings 51. 

In conclusion, measures of pain-autonomic interaction can complement CHEPs for the 

assessment of spinal lesions possibly by taking advantage of assessing the phylogenetically 

older spino-reticulo-thalamic pathway. 

Association of residual STT function with neuropathic pain 

The association of STT function with NP is heavily discussed in the field of central NP. 

Previous studies reported that STT damage is a necessary condition for NP development, 

however, the NP development cannot be sufficiently explained by STT damage only 12, 13. It 

has been shown that SCI subjects with and without NP had similar loss of STT function at 

and below the level of injury 15, and impairment or loss of STT function is not a significant 

NP predictor 12, 14. Our findings on the lack of a difference in spontaneous NP, i.e., 
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presence, intensity and extent, between the three different STT lesion classifications 

(incomplete, discomplete, complete) are in accordance with these studies. Next to the 

impact of STT functional integrity, the presence and severity of ongoing central NP have 

previously been discussed with mechanisms such as hyperexcitability and disinhibition 

within the central nervous system 14, 15, 52, 53. These mechanisms, as potentially reflected in 

increased wind-up and lack of conditioned pain modulation, might further improve the 

mechanistic exploration of the effects caused by the structural STT damage, eventually 

resulting in spontaneous NP. While no additional readouts on mechanistic changes were 

performed in the current study, a recent study found a significant mediation effect of 

conditioned pain modulation in the link between STT damage and central NP 54. This study 

by Defrin and colleagues further highlighted the value of assessing anti-nociceptive indices 

(such as conditioned pain modulation) in predicting NP 54. Furthermore, the highly debated 

imbalance theory claims that STT dysfunction in conjunction with preservation of the 

dorsal columns is responsible for NP development 15. 

With regard to evoked pain, we found that only 38% (8/21) of our subjects with residual 

STT function, i.e., incomplete or discomplete, reported allodynia, indicating that STT 

preservation is not sufficient for the development of allodynia. However, preserved STT 

integrity may be a requirement for the development of evoked pain, whereas patients 

with a profound deafferentation had spontaneous pain exclusively 11, 16, 55. It has been 

hypothesized that subjects with large lesions - affecting the whole STT system – are less 

prone to imbalanced spino-thalamic subsystems, i.e., medial/lateral system, which 

potentially would increase the likelihood of observing hyperalgesia/allodynia 16. 

Interestingly, 80% of our SCI subjects with allodynia (8/10) showed preserved STT function 

based on neurophysiological testing. However, only one of these subjects belonged to the 

discomplete STT group, whereas the other subjects had an incomplete STT lesion apparent 

from the clinical testing. 

Further, while pain catastrophizing and depression scores were previously reported to be 

associated with more severe chronic pain 56-58, our psychological measures were not 

related to NP intensity and extent. This is possibly attributed to the floor effect seen in the 

two psychological scales. Therefore, the relationship between STT integrity and NP 
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characteristics can be interpreted without any potential confounding of pain 

catastrophizing and depressive states. 

Limitations 

There are several limitations of this study. The small sample size hinders more 

sophisticated statistical analyses of the findings on STT function and its relation to NP 

characteristics. Also, no further questionnaires, e.g., Neuropathic Pain Symptoms 

Inventory (NPSI) 59, 60, were performed to cover pain qualities and refine associations of 

STT integrity with distinct NP characteristics. Further, the electrophysiological recordings 

were based on a thermal stimulation only, but additional stimulation modalities (cold and 

mechano-nociceptive stimuli) would exhaustively assess all aspects of the STT. 

Furthermore, only one body region was examined, while covering multiple sites, e.g., at-

level regions, might be interesting regarding zones of partial preservation or overlap with 

pain symptoms. Moreover, the link of STT damage to the presence and characteristics of 

NP was not further investigated on a more mechanistic level. For example, to assess 

neuronal hyperexcitability and deficient pain modulatory capacity, more elaborated test 

batteries, including wind-up and conditioned pain modulation paradigms, could further 

elucidate the link between STT integrity and NP. 

Conclusion and clinical relevance 

In conclusion, we provide evidence that neurophysiological readouts such as CHEPs and 

heat-induced SSRs provide information regarding STT integrity beyond the clinical 

examination of pinprick and thermal thresholds. Our findings might be of particular 

interest with respect to the interpretation of pinprick scores during standard neurological 

examination of an SCI. In SCI subjects with absent pinprick sensation, 30-50% can still be 

assumed to present with discomplete spinal lesion, i.e., neurophysiological evidence of 

subclinical afferent sparing, having implications for clinical research study designs. Further, 

in SCI subjects with impaired/diminished pinprick sensation, residual STT function can be 

assumed by means of recordable SSRs in all subjects. 

With regard to NP, the findings on STT integrity might have implications for the 

understanding of evoked NP, however, the direct relation to spontaneous NP warrants 

further investigations including studies targeting the mechanisms underlying chronic NP. 

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 15 of 30 
 
 
 

15 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Author contribution 

J.R. and M.H. conceived the original idea. R.L. carried out the experiment. R.L. and M.H. 

performed the analysis. J.R. and A.C. supervised the findings of the work. All authors 

discussed the results and contributed to the final manuscript. 

Conflict of interest statement 

The authors declare that there are no conflicts of interest regarding this work. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 16 of 30 
 
 
 

16 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

References 

1. Kirshblum, S., Snider, B., Rupp, R., Read, M.S., International Standards Committee of, A. 

and IscoS (2020). Updates of the International Standards for Neurologic Classification of 

Spinal Cord Injury: 2015 and 2019. Phys Med Rehabil Clin N Am 31, 319-330. 

2. Dimitrijevic, M.R. (1988). Model for the study of plasticity of the human nervous system: 

features of residual spinal cord motor activity resulting from established post-traumatic 

injury. Ciba Found Symp 138, 227-239. 

3. Sherwood, A.M., Dimitrijevic, M.R. and McKay, W.B. (1992). Evidence of subclinical brain 

influence in clinically complete spinal cord injury: discomplete SCI. J Neurol Sci 110, 90-98. 

4. Dimitrijevic, M.R. (1987). Neurophysiology in spinal cord injury. Paraplegia 25, 205-208. 

5. Dimitrijevic, M.R. (1988). Residual motor functions in spinal cord injury. Adv Neurol 47, 

138-155. 

6. Awad, A., Levi, R., Lindgren, L., Hultling, C., Westling, G., Nyberg, L. and Eriksson, J. 

(2015). Preserved somatosensory conduction in a patient with complete cervical spinal 

cord injury. J Rehabil Med 47, 426-431. 

7. Awad, A., Levi, R., Waller, M., Westling, G., Lindgren, L. and Eriksson, J. (2020). Preserved 

somatosensory conduction in complete spinal cord injury: Discomplete SCI. Clin 

Neurophysiol 131, 1059-1067. 

8. Wrigley, P.J., Siddall, P.J. and Gustin, S.M. (2018). New evidence for preserved 

somatosensory pathways in complete spinal cord injury: A fMRI study. Hum Brain Mapp 39, 

588-598. 

9. Wahlgren, C., Levi, R., Amezcua, S., Thorell, O. and Thordstein, M. (2020). Prevalence of 

discomplete sensorimotor spinal cord injury as evidenced by neurophysiological methods: 

A cross-sectional study. J Rehabil Med. 

10. McKay, W.B., Lim, H.K., Priebe, M.M., Stokic, D.S. and Sherwood, A.M. (2004). Clinical 

neurophysiological assessment of residual motor control in post-spinal cord injury 

paralysis. Neurorehabil Neural Repair 18, 144-153. 

11. Wasner, G., Lee, B.B., Engel, S. and McLachlan, E. (2008). Residual spinothalamic tract 

pathways predict development of central pain after spinal cord injury. Brain 131, 2387-

2400. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

https://www.liebertpub.com/action/showLinks?pmid=16291301&crossref=10.1016%2Fj.ejpain.2005.02.003&citationId=p_72
https://www.liebertpub.com/action/showLinks?pmid=14678842&crossref=10.1016%2Fj.neucli.2003.10.008&citationId=p_66


Page 17 of 30 
 
 
 

17 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

12. Defrin, R., Ohry, A., Blumen, N. and Urca, G. (2001). Characterization of chronic pain 

and somatosensory function in spinal cord injury subjects. Pain 89, 253-263. 

13. Finnerup, N.B., Johannesen, I.L., Fuglsang-Frederiksen, A., Bach, F.W. and Jensen, T.S. 

(2003). Sensory function in spinal cord injury patients with and without central pain. Brain 

126, 57-70. 

14. Finnerup, N.B., Sorensen, L., Biering-Sorensen, F., Johannesen, I.L. and Jensen, T.S. 

(2007). Segmental hypersensitivity and spinothalamic function in spinal cord injury pain. 

Exp Neurol 207, 139-149. 

15. Cruz-Almeida, Y., Felix, E.R., Martinez-Arizala, A. and Widerstrom-Noga, E.G. (2012). 

Decreased spinothalamic and dorsal column medial lemniscus-mediated function is 

associated with neuropathic pain after spinal cord injury. J Neurotrauma 29, 2706-2715. 

16. Garcia-Larrea, L., Convers, P., Magnin, M., Andre-Obadia, N., Peyron, R., Laurent, B. and 

Mauguiere, F. (2002). Laser-evoked potential abnormalities in central pain patients: the 

influence of spontaneous and provoked pain. Brain 125, 2766-2781. 

17. Geber, C., Baumgartner, U., Fechir, M., Vogt, T., Birklein, F. and Treede, R.D. (2011). 

Comparison of LEP and QST and their contribution to standard sensory diagnostic 

assessment of spinal lesions: a pilot study. Neurol Sci 32, 401-410. 

18. Gruener, H., Zeilig, G., Laufer, Y., Blumen, N. and Defrin, R. (2016). Differential pain 

modulation properties in central neuropathic pain after spinal cord injury. Pain 157, 1415-

1424. 

19. Landmann, G., Berger, M.F., Stockinger, L. and Opsommer, E. (2017). Usefulness of 

laser-evoked potentials and quantitative sensory testing in the diagnosis of neuropathic 

spinal cord injury pain: a multiple case study. Spinal Cord 55, 575-582. 

20. Widerstrom-Noga, E., Cruz-Almeida, Y., Felix, E.R. and Pattany, P.M. (2015). 

Somatosensory phenotype is associated with thalamic metabolites and pain intensity after 

spinal cord injury. Pain 156, 166-174. 

21. Hubli, M., Kramer, J.L.K., Jutzeler, C.R., Rosner, J., Furlan, J.C., Tansey, K.E. and Schubert, 

M. (2019). Application of electrophysiological measures in spinal cord injury clinical trials: a 

narrative review. Spinal Cord 57, 909-923. 

22. Treede, R.D. (2003). Neurophysiological studies of pain pathways in peripheral and 

central nervous system disorders. J Neurol 250, 1152-1161. 

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 18 of 30 
 
 
 

18 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

23. Haefeli, J., Kramer, J.L., Blum, J. and Curt, A. (2014). Assessment of Spinothalamic Tract 

Function Beyond Pinprick in Spinal Cord Lesions: A Contact Heat Evoked Potential Study. 

Neurorehabil Neural Repair 28, 494-503. 

24. Kramer, J.L., Haefeli, J., Curt, A. and Steeves, J.D. (2012). Increased baseline 

temperature improves the acquisition of contact heat evoked potentials after spinal cord 

injury. Clin Neurophysiol 123, 582-589. 

25. Almeida, T.F., Roizenblatt, S. and Tufik, S. (2004). Afferent pain pathways: a 

neuroanatomical review. Brain Res 1000, 40-56. 

26. Roberts, K., Papadaki, A., Goncalves, C., Tighe, M., Atherton, D., Shenoy, R., McRobbie, 

D. and Anand, P. (2008). Contact Heat Evoked Potentials Using Simultaneous Eeg And Fmri 

And Their Correlation With Evoked Pain. BMC Anesthesiol 8, 8. 

27. Garcia-Larrea, L., Frot, M. and Valeriani, M. (2003). Brain generators of laser-evoked 

potentials: from dipoles to functional significance. Neurophysiol Clin 33, 279-292. 

28. Benarroch, E.E. (2006). Pain-autonomic interactions. Neurol Sci 27 Suppl 2, S130-133. 

29. Schlereth, T. and Birklein, F. (2008). The sympathetic nervous system and pain. 

Neuromolecular Med 10, 141-147. 

30. Sullivan, M.B., Scott R; Pivik, Jayne (1996). The Pain Catastrophizing Scale: Development 

and Validation. Psychological Assessment, 524-532. 

31. Robinson, B.E. and Kelley, L. (1996). Concurrent validity of the Beck Depression 

Inventory as a measure of depression. Psychol Rep 79, 929-930. 

32. Sullivan, M.J., Thorn, B., Haythornthwaite, J.A., Keefe, F., Martin, M., Bradley, L.A. and 

Lefebvre, J.C. (2001). Theoretical perspectives on the relation between catastrophizing and 

pain. Clin J Pain 17, 52-64. 

33. Rolke, R., Magerl, W., Campbell, K.A., Schalber, C., Caspari, S., Birklein, F. and Treede, 

R.D. (2006). Quantitative sensory testing: a comprehensive protocol for clinical trials. Eur J 

Pain 10, 77-88. 

34. Finnerup, N.B., Haroutounian, S., Kamerman, P., Baron, R., Bennett, D.L., Bouhassira, D., 

Cruccu, G., Freeman, R., Hansson, P., Nurmikko, T., Raja, S.N., Rice, A.S., Serra, J., Smith, 

B.H., Treede, R.D. and Jensen, T.S. (2016). Neuropathic pain: an updated grading system for 

research and clinical practice. Pain 157, 1599-1606. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 19 of 30 
 
 
 

19 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

35. Widerstrom-Noga, E., Biering-Sorensen, F., Bryce, T., Cardenas, D.D., Finnerup, N.B., 

Jensen, M.P., Richards, J.S. and Siddall, P.J. (2008). The international spinal cord injury pain 

basic data set. Spinal Cord 46, 818-823. 

36. Bryce, T.N., Biering-Sorensen, F., Finnerup, N.B., Cardenas, D.D., Defrin, R., Lundeberg, 

T., Norrbrink, C., Richards, J.S., Siddall, P., Stripling, T., Treede, R.D., Waxman, S.G., 

Widerstrom-Noga, E., Yezierski, R.P. and Dijkers, M. (2012). International spinal cord injury 

pain classification: part I. Background and description. March 6-7, 2009. Spinal Cord 50, 

413-417. 

37. Rosner, J., Lutolf, R., Hostettler, P., Villiger, M., Clijsen, R., Hohenauer, E., Barbero, M., 

Curt, A. and Hubli, M. (2021). Assessment of neuropathic pain after spinal cord injury using 

quantitative pain drawings. Spinal Cord 59, 529-537. 

38. Jutzeler, C.R., Rosner, J., Rinert, J., Kramer, J.L. and Curt, A. (2016). Normative data for 

the segmental acquisition of contact heat evoked potentials in cervical dermatomes. Sci 

Rep 6, 34660. 

39. Haefeli, J.S., Blum, J., Steeves, J.D., Kramer, J.L. and Curt, A.E. (2013). Differences in 

spinothalamic function of cervical and thoracic dermatomes: insights using contact heat 

evoked potentials. J Clin Neurophysiol 30, 291-298. 

40. Jutzeler, C.R., Ulrich, A., Huber, B., Rosner, J., Kramer, J.L.K. and Curt, A. (2017). 

Improved Diagnosis of Cervical Spondylotic Myelopathy with Contact Heat Evoked 

Potentials. J Neurotrauma 34, 2045-2053. 

41. Rosner, J., Hostettler, P., Scheuren, P.S., Sirucek, L., Rinert, J., Curt, A., Kramer, J.L.K., 

Jutzeler, C.R. and Hubli, M. (2018). Normative data of contact heat evoked potentials from 

the lower extremities. Sci Rep 8, 11003. 

42. Greffrath, W., Baumgartner, U. and Treede, R.D. (2007). Peripheral and central 

components of habituation of heat pain perception and evoked potentials in humans. Pain 

132, 301-311. 

43. Currie, K.D., West, C.R., Hubli, M., Gee, C.M. and Krassioukov, A.V. (2015). Peak heart 

rates and sympathetic function in tetraplegic nonathletes and athletes. Med Sci Sports 

Exerc 47, 1259-1264. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 20 of 30 
 
 
 

20 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

44. West, C.R., Gee, C.M., Voss, C., Hubli, M., Currie, K.D., Schmid, J. and Krassioukov, A.V. 

(2015). Cardiovascular control, autonomic function, and elite endurance performance in 

spinal cord injury. Scand J Med Sci Sports 25, 476-485. 

45. West, C.R. and Krassioukov, A.V. (2017). Autonomic cardiovascular control and sports 

classification in Paralympic athletes with spinal cord injury. Disabil Rehabil 39, 127-134. 

46. van den Broeke, E.N., Mouraux, A., Groneberg, A.H., Pfau, D.B., Treede, R.D. and Klein, 

T. (2015). Characterizing pinprick-evoked brain potentials before and after experimentally 

induced secondary hyperalgesia. J Neurophysiol 114, 2672-2681. 

47. Rousseaux, M., Cassim, F., Bayle, B. and Laureau, E. (1999). Analysis of the perception 

of and reactivity to pain and heat in patients with wallenberg syndrome and severe 

spinothalamic tract dysfunction. Stroke 30, 2223-2229. 

48. Priebe, J.A., Kunz, M., Morcinek, C., Rieckmann, P. and Lautenbacher, S. (2016). 

Electrophysiological assessment of nociception in patients with Parkinson's disease: A 

multi-methods approach. J Neurol Sci 368, 59-69. 

49. Nickel, M.M., May, E.S., Tiemann, L., Postorino, M., Ta Dinh, S. and Ploner, M. (2017). 

Autonomic responses to tonic pain are more closely related to stimulus intensity than to 

pain intensity. Pain 158, 2129-2136. 

50. Bromm, B. and Treede, R.D. (1987). Human cerebral potentials evoked by CO2 laser 

stimuli causing pain. Exp Brain Res 67, 153-162. 

51. Davies, R.J., Bennett, L.S. and Stradling, J.R. (1997). What is an arousal and how should 

it be quantified? Sleep Med Rev 1, 87-95. 

52. Zeilig, G., Enosh, S., Rubin-Asher, D., Lehr, B. and Defrin, R. (2012). The nature and 

course of sensory changes following spinal cord injury: predictive properties and 

implications on the mechanism of central pain. Brain 135, 418-430. 

53. Scheuren, P.S., Rosner, J., Curt, A. and Hubli, M. (2020). Pain-autonomic interaction: A 

surrogate marker of central sensitization. Eur J Pain 24, 2015-2026. 

54. Defrin, R., Gruener, H., Gaidukov, E., Bondi, M., Rachamim-Katz, O., Ringler, E., Blumen, 

N. and Zeilig, G. (2021). From acute to long-term alterations in pain processing and 

modulation after spinal cord injury: mechanisms related to chronification of central 

neuropathic pain. Pain. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 21 of 30 
 
 
 

21 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

55. MacGowan, D.J., Janal, M.N., Clark, W.C., Wharton, R.N., Lazar, R.M., Sacco, R.L. and 

Mohr, J.P. (1997). Central poststroke pain and Wallenberg's lateral medullary infarction: 

frequency, character, and determinants in 63 patients. Neurology 49, 120-125. 

56. Hirsh, A.T., Bockow, T.B. and Jensen, M.P. (2011). Catastrophizing, pain, and pain 

interference in individuals with disabilities. Am J Phys Med Rehabil 90, 713-722. 

57. Rayner, L., Hotopf, M., Petkova, H., Matcham, F., Simpson, A. and McCracken, L.M. 

(2016). Depression in patients with chronic pain attending a specialised pain treatment 

centre: prevalence and impact on health care costs. Pain 157, 1472-1479. 

58. Taylor, J., Huelbes, S., Albu, S., Gomez-Soriano, J., Penacoba, C. and Poole, H.M. (2012). 

Neuropathic pain intensity, unpleasantness, coping strategies, and psychosocial factors 

after spinal cord injury: an exploratory longitudinal study during the first year. Pain Med 13, 

1457-1468. 

59. Bouhassira, D., Attal, N., Fermanian, J., Alchaar, H., Gautron, M., Masquelier, E., 

Rostaing, S., Lanteri-Minet, M., Collin, E., Grisart, J. and Boureau, F. (2004). Development 

and validation of the Neuropathic Pain Symptom Inventory. Pain 108, 248-257. 

60. Wong, M.L., Fleming, L., Robayo, L.E. and Widerstrom-Noga, E. (2020). Utility of the 

Neuropathic Pain Symptom Inventory in people with spinal cord injury. Spinal Cord 58, 35-

42. 

  

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
2/

13
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 22 of 30 
 
 
 

22 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Id
en

ti
fy

in
g 

d
is

co
m

p
le

te
 s

p
in

al
 le

si
o

n
s:

 N
ew

 e
vi

d
en

ce
 f

ro
m

 p
ai

n
-a

u
to

n
o

m
ic

 in
te

ra
ct

io
n

 in
 s

p
in

al
 c

o
rd

 in
ju

ry
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

1
.0

2
8

0
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Table 1: Demographics and clinical characteristics of subjects with spinal cord injury 

(SCI). Abbreviations: AIS, American Spinal Cord Injury Association Impairment Scale; F, 

female, M, male; NLI, neurological level of injury; NT, non-traumatic; Th, thoracic; T, 

traumatic.  

Subject ID Age  [yr.] Gender 
AIS      (A-

D) 
NLI Etiology (T/NT) 

Time since 

injury [yr.] 

1 52 F A Th10 T 23 
2 55 M A Th1 T 12 
3 53 M A Th5 T 20 
4 75 F A Th10 NT 14 
5 58 M A Th11 NT 24 
6 62 M C Th11 T 9 
7 36 M A Th11 T 7 
8 75 M D Th10 NT 14 
9 62 M A Th11 T 36 

10 66 M D Th3 T 19 
11 57 M A Th2 T 4 
12 61 M D Th8 NT 11 
13 63 M A Th12 T 17 
14 62 M D Th1 T 36 
15 50 M D Th3 NT 21 
16 54 M C Th10 T 13 
17 59 M C Th12 T 38 
18 54 F D Th5 NT 6 
19 67 M C Th4 NT 3 
20 35 M A Th7 T 15 
21 65 M D Th10 NT 7 
22 55 M D Th8 T 17 
23 34 M D Th12 T 6 
24 57 F A Th6 T 41 
25 58  M A  Th5  T  34 
26 65  M A  Th4  T  36 
27 45  F A  Th9  T 25 
28 68  M A  Th12  NT  3 
20 56  M D  Th10  T 30 
30 56  M A  Th11  T 9 
31 35 M C Th11 T 15 
32 59 M D Th9 T 7 
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Table 2: Pain characteristics of spinal cord injured (SCI) subjects with neuropathic pain 

(NP). The pain phenotype segregated into spontaneous at- and below-level NP with 

intensity and extent. Additionally, the presence of thermal/mechanical allodynia and the 

intake of pain medication are reported. Abbreviation: NRS, numeric rating scale. 

Subject ID 
Below-level 

NP 

Pain 

intensity 

[NRS] 

Pain 

extent [%] 

Pain 

extent [# 

regions] 

At-level 

NP 
Allodynia 

Pain 

medication 

1 Yes 3 12 7 Yes Yes - 

 

 

2 Yes 4 2 1 - - Yes 
3 Yes 3 7 5 - - - 

Y 
4 Yes 9 50 8 Yes - Yes 
5 Yes 5.5 38 7 Yes - Yes 
6 Yes 8 13 2 Yes Yes Yes 
7 Yes 3.5 38 6 Yes - Yes 
8 Yes 7 36 7 Yes Yes Yes 
9 Yes 3.5 34 6 Yes Yes - 

10 Yes 8 3 3 - - - 
11 Yes 6 16 4 Yes - Yes 
12 Yes 3 11 7 - Yes - 
13 Yes 7 10 7 - Yes - 
14 Yes 4 5 4 - Yes - 
15 Yes 7 6 4 - Yes - 
16 Yes 7 39 7 Yes - Yes 
17 Yes 9 3 5 - Yes - 
18 Yes 3 5 5 - Yes Yes 
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Table 3: Parameters of contact heat-evoked potentials (CHEPs) and sympathetic skin 

response (SSR) after contact heat stimulation at the thigh shown for the three STT lesion 

classifications. Parameters are reported as median ± IQR. Mann-Whitney U tests were 

performed to compare incomplete and discomplete STT lesions. Statistical significance at p 

< 0.05 is shown in bold. Abbreviations: NRS, numeric rating scale; STT, spinothalamic tract. 

 Incomplete 

STT lesion 

Discomplete 

STT lesion 

Complete 

STT lesion 

p value 

Contact heat pain rating 

[NRS] 

3.7 (2.6-6.7) - - - 

CHEPs N2P2 amplitude 

[µV] 

20.5 (10.4-27.7) 18.6 (11.4-23.3) - 0.971 

CHEPs N2 latency [ms] 352 (321-356) 452 (441-489) - 0.012 

SSR peak-to-peak 

amplitude [µV] 

1761 (1157-1985) 906 (604-1242) - 0.037 

SSR latency [s] 1.92 (1.82-2.04) 1.95 (1.92-1.99) - 0.5 
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Table 4: Spinothalamic tract (STT) lesion severity and pain characteristics. According to 

clinical and electrophysiological measures, the STT lesion completeness could be classified 

into three groups: incomplete, discomplete and complete. Parameters are reported as 

percentage or median ± IQR. Abbreviation: NRS, numeric rating scale. 

STT lesion 
Spontaneous 

neuropathic pain 

Pain extent 

[# of body 

areas] 

Pain intensity 

[NRS] 
Allodynia  

Incomplete (n=13) 8 (=62%) 6.5 [5.0-7.0] 4.8 [3.4-7.0] 7 (=54%) 

Discomplete (n=8) 4 (=50%) 4.5 [3.8-5.5] 7.0 [6.0-7.2] 1 (=13%) 

Complete (n=11) 6 (=55%) 5.0 [2.5-6.8] 5.0 [3.6-7.5] 2 (=18%) 
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Figure 1: Schematic drawing of neuroanatomical pathways of electrophysiological 

readouts to noxious heat application below a spinal cord injury. Contact heat stimuli 

were applied to the right thigh. The peripheral nociceptive neurons synapse to the second-

order neurons of the nociceptive neuraxis (red) at the corresponding L2 and adjacent 

spinal levels (Lissauer’s tract, not shown). These neurons cross the midline of the spinal 
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https://www.liebertpub.com/action/showImage?doi=10.1089/neu.2021.0280&iName=master.img-000.jpg&w=444&h=566
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cord and comprise the STT (purple). Activation of thalamic nuceli is relayed to multiple 

brain regions of the pain matrix as well as autonomic centers, e.g., hypothalamus. Pain 

rating was noted as a subjective readout, while CHEPs and SSRs were recorded as objective 

readouts of the noxious heat stimuli. Autonomic efferent control (blue) includes spinal 

sympathetic preganglionic neurons (high thoracic level), the paravertebral chain and 

postganglionic neurons innervating the specific effector organ, i.e., eccrine sweat glands of 

the hand. Abbreviations: CHEPs, contact heat-evoked potentials; SCI, spinal cord injury; 

SSRs, sympathetic skin responses; STT, spinothalamic tract. 
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Figure 2: Flow chart of pinprick sensation (subjective) and electrophysiological 

(objective) readouts of spinothalamic tract (STT) function (n=32). Summary of pinprick 

testing (pinprick score: normal = 2, impaired = 1, absent = 0) and recordable CHEPs as well 

as concomitant pain-autonomic interaction, i.e., SSR. Improved assessment of residual STT 

function employing SSR are highlighted in bold. Abbreviations: CHEPs, contact heat-evoked 

potentials; SSR, sympathetic skin response. 
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https://www.liebertpub.com/action/showImage?doi=10.1089/neu.2021.0280&iName=master.img-001.jpg&w=444&h=151
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Figure 3: Representative examples of contact heat-evoked potentials (CHEPs) and 

simultaneous palmar sympathetic skin response (SSR) recordings in paraplegic subjects. 

A) Abolished CHEPs and SSR accompanied by a pinprick score of 0 and a contact heat pain 

rating of NRS 0. B) Pinprick score of 0, contact heat pain rating of 0 NRS, abolished CHEPs 

but preserved SSR. C) CHEPs and SSR preserved, accompanied by a pinrick score of 2 and a 

contact heat pain rating of 3.9 NRS. Abbreviation: NRS, numeric rating scale. 
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Figure 4: Flow chart for the classification of STT (spinothalamic tract) lesions into 

incomplete, discomplete and complete subgroups via clinical assessments of STT 

function (pinprick and thermosensation). Discordant findings between clinical and 

electrophysiological measures are highlighted in bold. A total of eight SCI subjects 

presented with a discomplete STT lesion. Abbreviations: CHEPs, contact heat-evoked 

potentials; QST, quantitative sensory testing; SSR, sympathetic skin response. 
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