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h i g h l i g h t s
 Patients with spinal cord injury (SCI) and chronic neuropathic pain can demonstrate generalized pain
perception changes at or above lesion level.
 Contact heat evoked potentials and quantitative thermal testing may provide useful information
regarding patients with spinal cord injury and neuropathic pain.
 Alteration in the processing of somatosensory inputs from dermatomes rostral to the injury level in SCI
patients with neuropathic pain (NP) may contribute to the understanding of the mechanisms underlying
NP and secondary changes to neuropathic pain in SCI.

a b s t r a c t
Objective: Neuropathic pain (NP) is a common symptom following spinal cord injury (SCI). NP may be
associated with altered processing of somatosensory pathways in dermatomes rostral to the injury level.
To explore this possibility, the characteristics of contact heat evoked potentials (CHEPs) and quantitative
thermal testing (QTT) were studied at and above the lesion level in SCI patients with NP. The goal was to
determine processing abnormalities correlated with data from clinical evaluations.
Methods: Thirty-two subjects with chronic NP, 22 subjects without NP and 16 healthy control subjects
were studied. Warm and heat pain thresholds were determined both at and above SCI level. CHEPs were
recorded above SCI level and subjects rated their perception of evoked heat pain using a numerical rating
scale.
Results: CHEPs were not different between the three groups. Evoked pain perception in SCI subjects with
NP was signiﬁcantly higher than in SCI subjects without NP and healthy controls. Heat pain threshold was
signiﬁcantly lower in subjects with NP in comparison to both groups.
Conclusions: Our ﬁndings indicate that processing of somatosensory inputs from dermatomes rostral to
the injury level is abnormal in SCI subjects with NP.
Signiﬁcance: SCI somatosensory processing alteration may contribute to the understanding of the mechanisms underlying NP and secondary changes to NP in SCI.
Ó 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction
Around 50% of patients with spinal cord injury (SCI) suffer from
neuropathic pain (NP) (Eide, 1998; Siddall et al., 2003; Finnerup
et al., 2007; Soler et al., 2007). NP represents a major burden for
SCI patients, however, the pathophysiological mechanisms mediat⇑ Corresponding author. Address: Institut Guttmann Hospital de Neurorehabilitació, Camí Can Ruti s/n. Barcelona, 08916 Barcelona, Spain. Tel.: +34 93 497 77 00;
fax: +34 93 497 77 15.
E-mail address: hkumru@guttmann.com (H. Kumru).

ing NP in SCI are currently poorly understood (Eide, 1998; Yezierski, 2005, 2009; Siddall et al., 2003; Finnerup et al., 2007; Wasner
et al., 2008). When pain is perceived in regions without sensation
below the SCI neurological level, NP is usually attributed, at least
in part, to plastic changes in the central nervous system following
deafferentation. Little is known about the central mechanisms involved in the initiation or maintenance of NP in SCI patients. However, there is evidence suggesting primary somatosensory cortex
(S1) reorganization to an extent that correlates with pain intensity
in limb amputees (Lotze et al., 2001) and in SCI patients (Wrigley
et al., 2009).
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The study of contact heat-evoked potentials (CHEPs) provides
an objective evaluation method of small ﬁbre function. The CHEP
system delivers rapidly ramped heat stimuli that reliably evoke
cortical potentials (Valeriani et al., 2002; Arendt-Nielsen and Chen,
2003). The CHEP system has been used for the study of various pain
syndromes (Pralong et al., 2004; Atherton et al., 2007; Truini et al.,
2007; Schestatsky et al., 2008). Evoked pain produced by thermal
stimuli is a common characteristic of central pain (Vestergaard
et al., 1995; Defrin et al., 2001; Finnerup et al., 2003). It has been
suggested that an underlying neuronal hyperexcitability of the circuits mediating evoked pain might contribute to central NP (Cohen
et al., 1996; Woolf and Salter, 2000; Finnerup et al., 2003; Finnerup
and Jensen, 2004; Yezierski, 2005, 2009). In SCI patients with NP,
the results of QTT in sites above the lesion level have given conﬂicting results: While some authors found reduced pain threshold
for noxious electrical stimuli (Cohen et al., 1996), authors using
QTT have reported either elevated threshold for heat pain (Defrin
et al., 1999) and for cold and warm stimuli (Finnerup et al.,
2003), or no changes at (Finnerup et al., 2007) and above the level
of SCI (Wasner et al., 2008). Here, it was hypothesized that NP in
SCI patients could be associated with altered processing of somatosensory pathways in dermatomes rostral to the injury level. The
aim was to study the characteristics of CHEPs and of QTT in SCI
subjects with and without NP at and above the lesion level and
to determine to what extent these measures correlate with the
clinical evaluation.

2. Materials and methods
Thirty-two subjects with SCI and NP (SCI-NP), 22 subjects
with SCI without NP (SCI-noNP) and 16 healthy subjects were included in this study. The inclusion criteria for SCI-NP subjects
were: (1) age over 18 years; (2) SCI at cervical (preserved sensory perception at C4 level (rostral limit of the lesion at C5 level,
according to AIS (Marino et al., 2003)) or thoracic level; (3) complete or incomplete SCI (classiﬁed according to the American
Spinal Injury Association ‘‘ASIA’’ Impairment Scale ‘‘AIS’’) (Marino
et al., 2003); (4) chronic NP with more than 6 months duration,
with pain intensity higher than 4 in a numerical rating scale
(NRS); and (5) stable medical treatment for at least the last
3 weeks. The inclusion criteria for SCI-noNP subjects were the
same except that they referred no pain (including spasm- and
movement-related pain) at or below the neurological lesion level
since the time of the injury, and they referred no acute pain episodes at least during the prior week. Healthy control subjects
had to be free of any acute pain condition, medication and neurological disorders.
NP was diagnosed taking into account the localization and
description of the pain. NP was deﬁned as pain in an area of sensory abnormality corresponding to the spinal cord lesion. At injury
level, subjects described pain as a burning, pressing, stabbing, or
electrical quality sensation in the dermatomes at or just above
the level of injury. Below-level NP was considered when burning,
stabbing, or shooting pain was described as diffuse on regions at
least two dermatomes below the SCI level. Pain did not have any
primary relation to spasms or any other movement, had to have
started after the SCI, be present for at least 6 months, and intensity
of pain had to be higher than 4 on a numerical rating scale (NRS).
Subjects with severe pain of other origin, such as musculoskeletal
pain, were excluded.
Exclusion criteria were history of head trauma and history of
any other chronic medical conditions (Bouhassira et al., 2004).
The Institutional review board and the Ethical Committee of the
institution revised and approved the protocol. All subjects or their
representatives gave written informed consent.
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2.1. Clinical evaluation of NP
All subjects underwent an interview before the neurophysiological evaluation to assess the clinical and phenomenological
characteristics of pain: localization, descriptive characteristics,
and intensity of NP. They were classiﬁed according to the ASIA
Impairment Scale (AIS) categories: AIS-A, sensory-motor complete;
AIS-B, motor complete, sensory incomplete; AIS-C, sensory-motor
incomplete, with the average strength of the muscles below the level of lesion less than 3 (i.e., movement over the full range of motion against gravity) and AIS-D, sensory-motor incomplete, but
with the average muscle strength equal to or above 3. In AIS-E subjects, a neurological impairment could no longer be present (Marino et al., 2003). The numerical rating scale (NRS), ranging from 0
for no pain to 10 for unbearable pain, was used for subjective
assessment of the overall pain intensity perception and the score
of ongoing pain (last 24 h). Patients completed the neuropathic
pain symptom inventory (NPSI) for the assessment of NP characteristics (Bouhassira et al., 2004). All clinical evaluations and measurements of NP were performed by the same researcher (DS).
2.2. Contact heat evoked potentials (CHEPs)
Thermal stimuli were delivered using the Pathway device (Medoc, Ramat Yishai, Israel), equipped with a fast-heating/fast-cooling
probe of 5.7-cm2 surface area. Stimuli were delivered at the fastest
available ramp rate of 70 °C/s from a baseline temperature of 32 °C
to a maximum of 51 °C. A total of 14 stimuli were applied with an
interstimulus interval of 30 s and to a slightly different spot in a
square to reduce receptor fatigue or sensitization of skin overheating. CHEPs were obtained from all subjects at one dermatome (C4
sensory level, around the acromioclavicular joint). In subjects
who reported more pain on one side, the stimulation was applied
to that side. Subjects with NP who reported pain equally on both
sides, subjects without NP and healthy controls were all stimulated
on the dominant hand side.
CHEPs were recorded through a pair of 9 mm Ag/AgCl surface
disc electrodes ﬁlled with conductive adhesive gel. The active electrode was placed on Cz and referenced to linked ears (A1–A2),
where the pain related-evoked potentials are maximal (Bromm
and Treede, 1984), with a ground placed on the right arm. The
analysis time was 1 s. The ampliﬁer band-pass frequency ﬁlter
was 0.1–50 Hz. The gain was 50 lV/division. The impedance was
kept less than 5 kOhm. CHEPs were recorded using routine electrodiagnostic equipment (Medelec Synergy, Oxford Instruments; Surrey, England).
2.3. Evoked pain perception
For each subject the NRS was recorded for their subjective
evoked pain perception following each one of the 14 evoked potential recordings (see above).
2.4. Warm and heat pain threshold
Subjects were examined in the sitting position in a quiet room.
Subjects were examined at two levels (above and at SCI) on both
sides of the body (a total of four ASIA sensory points) (Marino
et al., 2003). To evaluate a common point in each subject above
the lesion, the C4 sensory level was used around the acromioclavicular joint (Marino et al., 2003) since all SCI subjects had lesions
caudal to C4. Above the SCI level, the face was not stimulated because of brainstem innervations; C2 has a small innervated zone
in the face and it does not allow for a convenient thermode placement, while in C3 some subjects had a scar after surgical intervention related to the accident. There was variation in the evaluated
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sensory points between patients just at the level of lesion. Accordingly, in each healthy control, different sensory dermatomal points
were used between C4–T12 for comparison of QTT at lesion level
with SCI subjects.
Thermal threshold to warm sensation and heat pain were measured with a Medoc Thermal Sensory Analyser (Pathway; Medoc,
Ramat Yishai, Israel) equipped with a 5.7 cm2 probe, using the
method of limits. Subjects were required to stop the progressive
stimulus intensity increase by pressing a button as soon as they
perceived the speciﬁc sensation being tested (4 stimuli for warm
sensation and 4 stimuli for heat pain). In subjects with cervical lesions who were unable to use their hands, the button was placed
under the wrist (this occurred just in one SCI-NP patient and in
one SCI-noNP patient). The stimuli started at an adaptation temperature of 32 °C and increased at a rate of 1 °C/s. The cut-off temperature was 51 °C. Thresholds of warm and heat pain sensations
were taken as the average of 4 successive readings in each session.
3. Experimental procedure
All SCI subjects and healthy controls underwent the following
tests: (1) Clinical evaluation of NP; (2) psychophysical study of
warm and heat pain threshold; (3) CHEPs; and (4) NRS for evoked
pain perception during CHEPs. All three groups of subjects (SCI-NP,
SCI-noNP and control subjects) were evaluated once.
All evaluations were performed in the morning while subjects
were lying in a relaxed supine position in a warm and dimly lit
room. Clinical evaluations of the subjects were performed by two
investigators. The neurophsyiological and psychophysical evaluations were performed by a blinded investigator.
3.1. Data and statistical analysis
QTT was determined by calculating the mean threshold values
for warm and heat pain. CHEPs, were averaged off-line with 14
individual traces collected from stimuli applied to the side where
subjects reported more pain or dominant hand side in subjects
with NP who reported pain equally on both side, subjects without
NP and healthy controls. The mean latency of relevant peaks (N2
and P2) was measured as the time difference between the stimulus
and each of the peaks, and the mean amplitude between the N2
and P2 peaks (N2/P2 amplitude). The mean and the SD were calculated for all variables. The data were collected from the painful side
‘‘PS’’ (where subjects reported more pain) (= dominant side) and
non-painful or less painful side (= non-dominant side) in subjects
with NP. If subjects with NP reported pain equally on both sides,
the side with the dominant hand was used (= dominant side). This
was also the case for healthy controls and subjects without NP.
Handedness was determined according to the Edinburgh inventory
(Oldﬁeld, 1971).
For habituation rate, changes in evoked pain perception were
calculated as the percentage of the NRS to the last stimulus with
respect to the NRS to the ﬁrst stimulus (habituation rate) for each
subject during evoked potentials testing. Habituation rate in the
amplitude of N2/P2 was calculated as the percentage of the amplitude of N2/P2 to the last stimulus with respect to the amplitude of
N2/P2 to the ﬁrst stimulus (habituation rate) for each subject.
The Kruskal–Wallis test and v2 tests were used for comparison
of demographic and clinical data between groups of SCI subjects
and healthy controls. Since the distribution of the data was not
normal according to the Kolmogorov–Smirnov-test, the Kruskal–
Wallis test was used for multiple comparisons between different
groups, and Mann–Whitney U test for post hoc paired comparisons. Statistical analyses were performed using SPSS 13.0 software.
Correlation analyses were done using the Spearman test for com-

parison of amplitude of CHEPs, demographic, clinical, and psychophysical characteristics. A value of p 6 0.05 was considered for
statistical signiﬁcance.
4. Results
Clinical and demographic characteristics of all subjects are
shown in Tables 1 and 2. There were no statistically signiﬁcant differences between groups regarding age, gender, lesion level, and
AIS grade (p > 0.1). Mean age was 48.8 ± 12.9 years for SCI-NP subjects; 45.7 ± 13.1 years for SCI-noNP subjects, and 44.0 ± 11.9 years
for healthy controls (Kruskal–Wallis H; p = 0.4). The aetiology of
the lesion in SCI subjects (with NP/ with noNP) was traumatic:
22/19; tumour: 1/1; myelitis: 3/2; vascular: 4/0; cervical myelopathy or disc herniation or related intervention: 2/0. The time since
SCI was similar between subjects with and without NP
(93.7 ± 118.2 months
vs.
106.0 ± 98.3 months
respectively;
Mann–Whitney U: p = 0.2). There were no differences between
subjects with and without NP in the lesion level and AIS grade.
Twenty-one subjects with SCI-NP were taking gabapentin; 7 pregabalin; 18 benzodiazepine; 7 tramadol: 3 trazodona; 4 amitriptyline; 1 imipramine; 2 mirtazapine; 2 paroxetine; 1 clomipramine;
2 duloxetine; 2 venlafaxine; 6 baclofen.
4.1. Characteristics of patients with neuropathic pain
All subjects in the SCI-NP group had ongoing neuropathic pain
at and/or below level (central pain) distributed in a diffuse or scattered manner for an average of 72.3 ± 89.9 months (range 7–
438 months) (Table 1).
Pain was localized below-level only in 18 subjects, at-level only
in 7 subjects and in both, at-level and below-level in another 7
subjects. In most subjects pain was bilaterally distributed. Only 2
subjects reported unilateral pain localization. The mean pain intensity was 7.9 (range 6–10) (Table 1). Fifty-six percentage of subjects
reported pressing, 47% allodynia; 44% paroxysmal pain, 63% burning sensation; 22% dysestesia (Table 1).
4.2. Evoked potentials
There were no statistically signiﬁcant differences in the N2 latency between subjects with NP (334.0 ± 73.3 ms), subjects without NP (302.5 ± 72.5 ms), and healthy controls (322.8 ± 95.2 ms).
Results were similar for the P2 latency (414.0 ± 87.8 ms;
372.9 ± 80.7 ms, and 400.4 ± 105.5 ms, respectively in each of the
three groups) (Kruskal–Wallis H; p = 0.2). Fig. 1 shows recordings
of contact heat evoked potentials from three representative
subjects.
N2/P2 amplitude was not different between subjects with NP,
subjects without NP and healthy controls, as shown in Table 2
(Kruskal–Wallis H; p = 0.3). However habituation of evoked potential reduced signiﬁcantly in subjects with NP in comparison to subjects without NP (Mann–Whitney U: p < 0.0001) and healthy
controls (p = 0.003) (Table 2).
4.3. Psychophysical measures
Thresholds for warm and heat pain were similar between dominant and non-dominant side (PS or non-PS in SCI subjects with
NP) for all groups (p > 0.2) (Figs. 2 and 3).
Above lesion level warm detection threshold was similar among
the three groups (p > 0.1). However, at lesion level on both sides,
warm detection threshold was signiﬁcantly higher in subjects with
NP and in subjects without NP than in healthy controls (Mann–
Whitney U: p 6 0.01 for each comparison, except non-dominant
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Table 1
Clinical and demographical characteristic of SCI patients with NP and characteristic and subtype of neuropathic pain.
Age

Sex

Level of lesion

AIS

Level of pain

Localization of pain

NRS-ongoing pain

Pressing

Allodynia

Paroxysmal pain

Dysestesia

Burning

30
42
35
55
44
28
64
68
69
40
61
40
46
61
50
57
53
60
47
62
61
42
66
33
34
53
29
36
60
57
27
50

M
M
M
M
F
M
M
F
F
M
M
M
M
M
M
F
F
F
F
M
M
M
M
M
M
F
F
F
M
M
M
M

C4
Th1
C6
Th6
C4
C7
Th3
C4
Th 10
Th 11
Th3
C5
Th4
Th3
C4
Th9
Th2
Th4
Th12
Th11
Th12
Th5
Th12
C7
Th6
Th7
Th8
Th8
Th6
C5
C6
Th12

C
D
A
D
D
B
D
D
A
B
D
B
A
B
D
D
D
A
D
A
A
A
D
A
C
D
D
C
D
D
A
A

Below
Below
At
Below
At
Below
Below
Below
Below
Below
At
At
At
Below
Below
At–below
Below
At–below
Below
Below
Below
Below
Below
Below
At
At
At–below
At–below
Below
At–below
At–below
At–below

Abdomen
Legs
Arms
Legs
Arms
Legs, feet
Legs, feet
Legs, feet
Legs, feet
Legs, feet
Thorax
Arms
Thorax
Legs
Abdomen
Abdomen, legs
Genital area
Thorax, genital area
Legs, feet
Legs
Genital area
Genital area, feet
Legs
Legs
Abdomen
Abdomen
Abdomen, legs, feet
Adbomen–feet
Legs, feet
Arms, feet
All body (below SCI)
Legs, feet

6
8
8
9
8
7
8
8
8
8
7
8
8
8
6
7
8
9
10
9
10
8
8
7
7
8
9
8
8
9
7
8

6
–
–
7
5
7
–
–
–
–
9
–
8
8
8
7
7
5
10
9
10
8
–
–
–
–
–
7
–
9
7
–

–
–
9
7
8

–
9
8
–
–
–
8
8
8
8
–
–
–
–
–
10
–
9
–
10
–
–
8
–
–
10
–
6
–
7
–
10

–
–
6
6
–
–
–
–
8
–
–
–
–
–
–
–
–
–
–
–
–
–
5
–
–
–
9
9
7
–
–
–

6
8
7
–
8
–
–
–
8
8
7
8
8
–
–
7
8
–
10
–
–
–
–
8
10
10
4
9
4
10
7
–

6
–
–
–
–
–
–
–
8
–
8
10
–
9
10
–
6
7
10
3
10
9
–
–
–
–

M: male; F: female; C: cervical; Th: thoracic; AIS: ASIA Impairment Scale (grade A, B, C, D).

Table 2
Numerical rating scale for ongoing pain and for evoked pain perception, habituation rate for last stimulus, contact heat evoked potentials (CHEPs).
Subjects

NRS-ongoing
pain

NRS-evoked
pain

Habituation rate in evoked pain (%)

Amplitude of N2-P2
(lV)

Habituation rate in amplitude of N2-P2 (%)

SCI with NP
SCI without NP
Healthy
controls

7.9 (1.0)
–
–

4.6 (2.1)
3.1 (1.2)*
2.4 (1.1)*

102.3 (70.9)
63.1 (66.8)*
46.0 (40.9)*

42.3 (23.0)
37.8 (23.8)
34.7 (19.2)

94.9 (51.8)
39.3 (48.9)*
46.6 (41.0)*

SCI: spinal cord injury; NP: neuropathic pain; NRS: Numerical rating scale. The numbers in brackets are standard deviation (SD).
*
p < 0.05 (Mann–Whitney U) between patients with neuropathic pain (NP) and patients without NP; patients with NP and healthy controls.

Fig. 1. Recordings of contact heat evoked potentials from three representative
subjects. (A) a patient with incomplete SCI-NP (AIS-D) at C4 level; (B) a patient with
incomplete SCI-noNP at C5 level (AIS-D); and (C) a healthy control. Fourteen traces
are superimposed in each graph. The whole recording time was 1000 ms.

side of subjects without NP vs. healthy controls ‘‘p = 0.06’’), but it
was not different between subjects with NP vs. subjects without
NP (p > 0.1) (Fig. 2).
The heat pain threshold above and at lesion level was signiﬁcantly lower in subjects with NP in comparison to SCI subjects
without NP and healthy controls (Mann–Whitney U: p < 0.04),
but it was not different between SCI subjects with NP and healthy
controls (Fig. 3).
Evoked heat pain perception measured on the dominant side at
C4 level was signiﬁcantly higher in SCI subjects with NP in comparison to SCI subjects without NP or healthy controls (Mann–Whitney U: p < 0.005 for each comparison), but it was not different
between SCI subjects without NP and healthy controls (Mann–
Whitney U: p = 0.3).
Habituation of subjective evoked heat pain perception, measured by NRS, was signiﬁcantly less in subjects with NP in comparison to subjects without NP (Mann–Whitney U: p = 0.046) and
healthy controls (p = 0.002) (Table 2).
There was no correlation between ongoing pain score, evoked
pain perception and CHEPs amplitude in subjects with NP
(p > 0.07).
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SCI-noNP

temperature (º)

SCI-NP

abo ve-do minant

abo veno ndo minant

Healthy controls

*

**

at-do minant

at-no ndo minant

warm detection threshold
Fig. 2. The average of warm detection threshold (± standard deviation) in patients with spinal cord injury and with neuropathic pain (SCI-NP) and in patients with SCI-noNP
and in healthy controls. Dominant side (or Painful side), non-dominant side (or non-painful or less painful side) above or at SCI. ⁄p < 0.05 between healthy controls vs. Bold
values indicates signiﬁcant p values (p 6 0.05). ⁄⁄p < 0.05 between healthy controls vs. SCI-NP patients, and vs. just dominant hand side in SCI-noNP patients (p = 0.06 between
healthy controls and non-dominant hand side of patient with noNP).

*

*

*

at-dominant

at-nondominant

temperature (º)

*

above-dominant

above-nondominant

Fig. 3. The average of heat pain perception in patients with spinal cord injury and with neuropathic pain (SCI-NP) and in patients with SCI-noNP and in healthy controls.
Dominant side (where patient reported more pain; or dominant hand side in patient with NP, who reported pain equally on both side, and in patients without NP and healthy
controls). Non-dominant side (non-painful or less painful side in patients with NP or non-dominant hand side in patients noNP and in healthy controls) above or at SCI.
⁄
p < 0.05 between patients with SCI-NP and patients with SCI-noNP; between patients with SCI-NP and healthy controls.

Table 3
NRS-ongoing pain and for evoked pain, amplitude of contact heat evoked potential, warm and heat pain threshold at different AIS sensory points at and above the lesion level in
complete vs. incomplete SCI; in cervical vs. thoracic SCI. SCI-NP patients, and vs. SCI-noNP patients.
Level
Ongoing pain
Evoked pain
Amplitude of N2/P2
Warm perception threshold

Heat pain threshold

C4
C4
At
At
Above
Above
At
At
Above
Above

Side

Complete SCI

Incomplete SCI

p

Cervical sci

Thoracic SCI

p

Dominant
Dominant
Dominant
Non-dominant
Dominant
Non-dominant
Dominant
Non-dominant
Dominant
Non-dominant

8.2 (0.2)
4.3 (1.4)
37.0 (19.9)
35.5 (2.2)
36.1 (2.4)
35.9 (2.5)
35.9 (1.3)
39.9 (2.8)
40.1 (2.7)
40.9 (2.3)
39.9 (2.5)

7.9 (0.9)
4.7 (2.4)
44.7 (24.4)
35.7 (1.9)
35.5 (1.6)
35.7 (1.7)
35.3 (1.3)
40.7 (2.7)
40.6 (3.1)
40.9 (2.0)
40.2 (2.3)

0.35
0.51
0.36
0.81
0.53
0.82
0.26
0.50
0.66
0.99
0.68

7.4 (1.0)
5.7 (2.1)
55.7 (17.2)
36.4 (2.5)
36.1 (2.2)
35.1 (0.7)
35.0 (1.1)
41.2 (2.5)
40.6 (3.4)
40.4 (2.3)
39.6 (2.8)

8.2 (0.8)
4.1 (1.9)
36.4 (23.6)
35.3 (1.7)
35.5 (1.7)
36.0 (2.3)
35.7 (1.7)
40.0 (2.8)
40.0 (3.0)
41.1 (2.0)
40.3 (2.2)

0.02
0.07
0.01
0.23
0.51
0.09
0.18
0.25
0.66
0.41
0.45

Dominant side (or painful side in SCI-NP, and dominant hand side in SCI-without NP and healthy subjects), non-dominant side (or non-painful or less painful side or nondominant hand side) above or at SCI.
C4: at the cervical dermatome 4; AIS: ASIA Impairment Scale (grade A, B, C, D).
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4.4. Complete vs. incomplete spinal cord injury
No signiﬁcant differences were found in CHEPs or evoked pain
perception, nor in warm or in heat pain threshold at or above the
injury level between complete SCI subjects and incomplete SCI
subject (p > 0.1) (Table 3).
No correlation was found between the amplitude of CHEPs,
ongoing pain and evoked pain perception in complete or incomplete SCI and NP (p > 0.2).
4.5. Cervical vs. thoracic spinal cord injury
The amplitude of evoked potentials was signiﬁcantly higher in
subjects with cervical SCI than in those with thoracic SCI subjects
(p = 0.01). Ongoing pain was signiﬁcantly lower in cervical SCI subjects than in thoracic SCI subjects (p = 0.02) (Table 3). There were
no signiﬁcant differences in evoked heat pain perception, neither
in warm and heat pain threshold between SCI-NP subjects with
thoracic vs. with cervical SCI (p > 0.06) (Table 3).
There was no correlation between the amplitude of CHEPs,
ongoing pain and evoked heat pain perception in cervical or thoracic SCI subjects (p > 0.1).
5. Discussion
This study found: (1) reduced heat pain thresholds, (2) reduced
habituation in the amplitude of evoked potentials and evoked heat
pain and (3) increased ratings to evoked heat pain in dermatomes
rostral to the injury level in subjects with SCI-NP, which are pointing toward central sensitization. In addition, the amplitude of
CHEPs was signiﬁcantly larger in subjects with cervical SCI in comparison to those with thoracic SCI.
5.1. Evoked potentials (N2/P2 amplitude)
The CHEPs amplitude recorded above the lesion level was not
different in SCI-NP subjects in comparison to SCI-noNP subjects
or control subjects.
In control subjects, the amplitude of Laser evoked potentials
(LEPs) recorded at the vertex correlates positively with the subjective sensation of pain (Treede, 1995; Treede et al., 2003). In subjects with neuropathic pain, be more related to sensory deﬁcits
than to evoked pain sensations (García-Larrea et al., 1997; Garcia-Larrea et al., 2002; Hatem et al., 2010). LEPs were attenuated
signiﬁcantly after stimulation over the painful territory in subjects
with central pain, including those with hyperalgesic reactions to
laser (Cohen et al., 1996) or to heat pain (Schestatsky et al.,
2008), which likely reﬂects deafferentation in spino-thalamo-cortical path. In this study, CHEPs were recorded on the dermatome
rostral to the spinal cord injury (intact area) and where subjects
did not present any neurological deﬁcit and/or neuropathic pain.
This might explain why no differences in the amplitude of evoked
potentials in subjects with NP in comparison to patients without
NP and healthy controls were found.
The higher amplitude of CHEPs in cervical SCI might be a
sign of ‘‘greater central reorganization’’ following extended
deafferentation.
5.2. Psychophysical measures
Subjects with SCI-NP and with SCI-noNP subjects had higher
warm detection thresholds at lesion level, but not above. This ﬁnding is compatible with the ﬁndings of Nicotra and Ellaway (2006),
who reported subclinical thermal sensory deﬁcit in dermatomes
just above the lesion, clinically deﬁned as normal, in complete
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and incomplete SCI. Those authors (Nicotra and Ellaway, 2006)
found normal warm detection thresholds one to two dermatomes
immediately above the lesion level. Therefore, it could be that
warm threshold abnormalities could be found in dermatomes clinically deﬁned as normal in some subjects with cSCI or iSCI, but may
not be a generalized ﬁnding (Nicotra and Ellaway, 2006; Savic
et al., 2007).
Lower heat pain thresholds have been reported for noxious
electrical stimuli delivered at and above the level of complete or
incomplete SCI subjects with chronic pain when compared to
healthy adults (Cohen et al., 1996). Defrin et al. (1999), found an
elevation in heat pain threshold above the level of injury in SCI
subjects with pain and functionally complete spinal transection.
However no changes in heat pain threshold were reported by Wasner et al. (2008), above level (in the face) or by Finnerup et al.
(2007), and by Savic et al. (2007), at SCI level. The different result
in psychophysical measures between those studies might be due
to the selection of subjects, pain characteristic, and methodological
differences which were used in each study.
Reduced heat pain threshold, increased ratings to evoked heat
pain and reduced habituation in the amplitude of evoked potentials and of evoked heat pain in dermatomes rostral to the injury
level in SCI-NP subjects suggests an increased excitability of the
nociceptive pathways out of the pain areas. The mechanisms
responsible for NP in SCI may include among others: interrupted
sensory pathways, interference with inhibitory pathways and
modulation of cell assemblies engaged in sensory inhibition (Melzack and Loeser, 1978; Woolf et al., 1998; Eide, 1998; Yezierski,
2005, 2009; Wrigley et al., 2009). Interruption of ascending spinal
pathways disrupts thalamic function, resulting in loss of inhibitory
effects of the afferent impulses. Melzack and Loeser (1978) proposed that such a massive deafferentation produces a burst of
abnormal activity in dorsal horn cells and thalamus that can last
for months following cessation of stimulation. The massive deafferentation following SCI could lead to neuronal hyperexcitability
and ﬁnally to pain (Eide et al., 1996; Eide, 1998). Such a generalized sensitization has been reported previously in SCI (Cohen
et al., 1996).
Chronic NP may induce secondary changes in the central nervous system, such as increased response to painful stimuli (hyperalgesia) (Woolf and Salter, 2000; Jensen et al., 2001). There may be
changes in the pain suppression systems. One example is the diffuse noxious inhibitory control (DNIC), (Dickenson et al., 1980) in
which distant noxious inputs activate a spinal–brainstem–spinal
feedback loop, which subsequently inhibits pain (Roby-Brami
et al., 1987). Here we can hypothesize that, in SCI-NP subjects,
the DNIC system may not work properly, whereas central sensitization in turn could be the cause of the changes in pain perception
threshold and evoked pain perception, which are not dependent on
distance from the SCI.

5.3. Habituation of evoked potentials and evoked heat pain perception
Habituation is a physiological phenomenon of the sensory cortex that progressively reduces its activity to repetitive stimuli. An
evoked response may develop habituation to a lesser degree if
the brain areas that generate it are more excitable, or because
the central nervous system structures that regulate habituation
are less active, e.g., hypoexcitable (Becerra et al., 1999; Valeriani
et al., 2003; de Tommaso et al., 2005a,b; Greffrath et al., 2007). Reduced habituation of nociceptive evoked potentials has been reported in patients with migraine, which probably reﬂects an
abnormal excitability of the cortical areas involved in pain processing (Valeriani et al., 2003; de Tommaso et al., 2005b). The subjects
in this study with SCI-NP showed signiﬁcantly less habituation,
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which can suggest more excitable brain areas, and/or less active
centers regulating habituation.
6. Conclusion
The ﬁndings of this study indicate that NP in SCI subjects is
associated with altered processing of somatosensory pathways in
dermatomes rostral to the injury level. Although the pathophysiology of ongoing NP is different from that of thermal hyperalgesia
and of evoked pain in dermatomes rostral to the injury level, we
consider that our results may contribute to the understanding of
the mechanisms underlying NP and of subsequent changes to neuropathic pain.
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