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Abstract
One approach to the study of disordered spatial attention is to carry out tests of extinction, in
which stimuli are detected on the left when they are presented on the left alone, but not when both
sides are stimulated simultaneously in a dual simultaneous stimulation (DSS) protocol. Extinction
has been documented for multiple sensory modalities, but not for thermal pain stimuli, to our
knowledge. We now test the hypothesis that subjects with visual spatial neglect (hemi-neglect)
will have alterations in thermal pain sensation which are related to abnormal spatial attention. The
results demonstrate that thermal pain extinction of hot and cold pain stimuli occurs in a proportion
of subjects with hemi-neglect. In the subjects with visual spatial hemi-neglect but without thermal
pain extinction, the sensation of the thermal pain stimulus on the affected (left) side was not
extinguished but was often localized to the unaffected (right) side, and the submodality of the
stimulus (cold or hot) was often misidentified. Ratios indicating the magnitude of extinction,
mislocalization and misidentification were significantly larger on the left side of subjects with
visual spatial neglect than in healthy controls or in controls with stroke but without hemineglect.
The proportion of subjects with thermal pain extinction, mislocalization, or misidentification was
significantly higher in subjects with hemi-neglect than those in either control group. These results
demonstrate that disordered attention exerts a powerful effect upon the perception of both the
location and the quality of thermal pain stimuli.
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1. Introduction
Attention can exert a powerful effect on the perception of thermal pain sensations, so that
distraction can have an analgesic effect on acute pain equal to that of opiates [55]. The basis
of analgesia by distraction may be related to attentional modulation of laser evoked
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potentials (LEP) which can be decreased in amplitude when the subject is distracted
[4,30,36,40,42,57,60,68–71]. Subdural recordings have demonstrated that LEPs and
increased activation (Event Related Desynchronization) recorded directly from primary
somatic sensory cortex, parasylvian cortex, and medial frontal cortex can be powerfully
modulated by attention [46,47].

Spatial attention can modulate thermal pain modalities, as demonstrated by studies in which
a stimulus is presented following a cue which may indicate either the correct or the incorrect
side of the stimulus. The incorrect cue leads to increased error rates and response latencies
for thermal pain stimuli [7,14]. A lateralized visual discrimination task was performed more
rapidly when it was preceded by a painful stimulus on the same side versus the opposite side
from the visual stimulus. Similarly, eye orientation to the side of the painful stimulus leads
to higher pain ratings in one study [45] and lower to pain ratings on the right among anxious
subjects [28]. These results suggest that misdirected spatial attention may modulate thermal
pain stimuli.

Forebrain lesions may produce abnormal spatial attention such as hemi-neglect which is
failure of a subject ‘to report, respond, or orient to meaningful stimuli contralateral to the
(cortical) brain lesion’ [24,61]. Visual spatial hemi-neglect is most commonly observed after
lesions of the right parietal cortex, but can also occur after lesions of the prefrontal cortex,
the superior temporal gyrus, the frontal operculum, or the thalamus [6,26,29,64,65].

Extinction was considered to be a subtle form of neglect [9,24,25] which was measured by a
dual simultaneous stimulation (DSS) protocol [62]. Extinction is the failure to attend to
stimuli on the affected (left) side of the body when an identical simultaneous stimulus
occurs on the opposite (right) side, but not when the stimulus is presented on the affected
side alone (DSS protocol) [5,26]. DSS protocols have been documented for multiple sensory
modalities [26,27,62,63], but not for thermal pain stimuli. We now test the hypothesis that
subjects with visual spatial neglect (hemi-neglect) will have attention-related alterations of
sensibility for thermal pain sensation.

2. Methods
The protocol used in these studies conformed to the principles stated in the Declaration of
Helsinki regarding the use of human subjects and was reviewed and approved annually by
the Institutional Review Boards of the Johns Hopkins University. All subjects signed an
informed consent for studies included in this protocol. All the methods used in these studies
have been previously described [23,26].

2.1. Subjects
The study was carried out in nine patients (Table 1) with visual spatial hemi-neglect who
were admitted to the Brain Rescue Unit at The Johns Hopkins Hospital with indisputable
clinical evidence of a forebrain stroke-like event. A similar group of patients without hemi-
neglect (n = 11) served as controls (Table 2). Exclusions for both stroke groups were deficits
of speech, naming, cognitive, and sensory function. We also examined a population of 20
healthy subjects.

There is no published evidence of thermal pain inattention syndromes, to our knowledge.
Therefore, our hypothesis was tested by an exploratory study of subjects with neglect
syndromes, as the population most likely to demonstrate thermal pain inattention. Cognitive
function was assessed by the Mini-Mental Status Examination [16]. If subjects in this study
correctly identified all unilateral visual and tactile stimuli in the DSS protocol then cognitive
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function and sensory function in these modalities was judged satisfactory for the purposes of
this study.

2.2. Tests of visual spatial neglect
Tests for visual spatial hemi-neglect included (1) a line bisection task, (2) a line cancellation
task, and (3) a clock drawing task. The line bisection task required the subject to mark the
center of a 20 cm line placed directly in front of the subject. The line was presented three
times and the error, expressed as a percentage, was calculated from the average error to the
right of the midline divided by the length of the line.

In the line cancellation task, a page was placed in front of the subject with 30 short lines at
random angles; 15 lines were located to the left and 15 to the right of the midline (Fig. 1A).

In a circle detection (or cancellation) task, a page containing 30 circles with or without gaps
in the circle was placed directly in front of the subject [27,49]. Subjects were asked to circle
all complete circles and cross out any circles with gaps.

The clock drawing task required the subject to draw a clock showing 9:00 on a blank piece
of paper placed in front of the subject (Fig. 1B). This task was scored by the difference
between the number of numerals on the right side minus left side of the clock face divided
by the total number of numerals times 100% [11,50].

In a tactile version of the circle detection (or cancellation) task, raised circles were arranged
on a board in a pattern identical to that for the visual test. With vision occluded, the subjects
were asked to move their hand over the board and identify circles. The visual and tactile gap
tests were administered twice for each modality, one for small (diameter of 15 mm) and the
other for large stimuli (diameter of 22 mm). The results of the two tests in the same modality
(large and small circles) were combined. Differences between the detection of circles and
gaps were not analyzed separately because the goal of these studies was to establish the
presence of hemi-neglect, not the difference between viewer versus object centered neglect.

In all of the tests, hemi-neglect was indicated by a 10% error rate on the left with a perfect
score on the right [27]. An error rate of > 10% on the left with a perfect score on the right
was never observed in studies of healthy controls, or of controls with stroke but without
hemi-neglect. Subjects with hemi-neglect were identified by evidence for hemi-neglect on
two separate tests.

2.3. Dual simultaneous stimulation (DSS)
We administered tests of visual and tactile extinction deficits in a DSS protocol, to establish
the presence of visual spatial hemi-neglect. In the case of tactile extinction testing, the
stimulus was a light touch on the hand with a cotton-tipped applicator, which was randomly
given on the left hand (eight times), the right hand (eight times), or both hands
simultaneously (eight times). The subject responded by indicating where (right or left or
both) and when the stimulation occurred.

Visual extinction was measured by a similar test in which the examiner’s forefingers were
held in the left and right visual fields 50 cm in front of the subject’s face. The subject was
asked to identify whether the finger moved on one side, or the other, or both. Subjects in our
control groups rarely made errors in visual or tactile extinction tasks. The significance of
extinction was evaluated by the extinction ratio which was calculated by the ratio of the
number of detected stimuli on the left when the left side was stimulated separately divided
by the number detected when both hands were stimulated simultaneously. Extinction was
defined by a ratio of ≥ 2, or by a significant difference in the ratio on the left versus the
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corresponding ratio on the right hand side [27]. The rationale for these nonparametric tests is
given in Section 2.5.

2.4. Thermal testing
For thermal stimuli, the pretest included determination of the pain threshold and ratings
during application of heat stimuli with brass rods maintained at temperatures from 41 to 53
°C in one degree steps. The painful heat stimulus was chosen as the temperature 1° above
the pain threshold. Exclusion criteria determined by this test included subjects who did not
detect unilateral thermal stimuli on either side in the pretest, or in the thermal DSS protocol,
or both.

In order to assess attention-related performance of the thermal pain modality, we used a
thermal DSS protocol with contact heat stimuli with high specific heat (see Section 1). The
contact thermal stimuli used in this study were chosen based upon our experience with
stimuli of this type. Use of the same stimuli makes the present results accessible to those of
our prior neuronal and psychophysical studies of the response to these stimuli
[32,34,35,38,39]. The peripheral receptors involved in the response to these stimuli would
be useful information for the interpretation of these results, and the activated receptors may
be related to the duration of thermal, as suggested by precise studies of the response to laser
stimuli [52]. However, this effect is difficult to assess in the present results because contact
heat activates many receptors and is substantially different from the laser heat stimuli [3].
The tests of thermal pain attention were carried out by applying the heated brass end of a
probe or the thermal neutral plastic (Delrin) end of the probe to the dorsum of the hand or
forearm for three seconds, while the subject’s vision was occluded. For application of heat
stimuli, a brass rod was placed in a temperature controlled water bath until immediately
prior to application.

The heated end was applied to the dorsum of the left hand or forearm eight times, while the
plastic end was applied to the corresponding site on the right side. Heat was applied to the
right hand and forearm eight times while plastic was applied to the corresponding site on the
left side eight times. Interspersed among these unilateral heat stimuli were painful heat
stimuli applied to hands or forearms on both sides simultaneously. These three pairs of
different stimuli were presented in pseudo-random order while the subjects’ vision was
occluded. Subjects were first asked to determine whether the thermal stimulus or stimuli
were applied on the right or left side, or both. They were then asked to determine whether
the stimuli were hot or cold.

The same thermal DSS protocol was carried out separately for thermal stimuli in the cold
submodality. For the cold stimulus, the brass rod was placed in an ice water bath at 4 °C,
which all subjects judged either was painful, or would become painful if the stimulus were
prolonged. The rods were taken out of the water bath, dried and applied to the skin for
approximately 10 s with an interstimulus interval of approximately 20 s.

Unlike tests of visual and tactile extinction, there was a small but definite error rate on the
thermal pain DSS tasks (see Section 3) among both healthy controls and controls with stroke
but without hemi-neglect. Therefore, we examined differences within subjects in the
proportion of detected thermal test stimuli of on the left hand when the thermal stimulus was
delivered to the left side alone, versus when the stimulus was delivered to both sides
simultaneously by a test of proportions (Fisher exact).
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2.5. Statistical testing
2.5.1. Non-parametric within subject analyses—This testing included a non-
parametric analysis of differences between the two sides within any subject. Tests of this
kind are commonly done to establish whether there is significant inattention within any
subject in studies of neglect and extinction [5,20,24–27,33,62]. This approach is usually
adopted because extinction is conceived of as a binary variable like an upper motor neuron
sign, which is either present or absent [2]. We adopted this approach because neglect and
extinction are rare among controls with normal mental status, and because we wished to
make the present results accessible to the literature of hemi-neglect as well as pain.

Extinction was identified by calculating the extinction ratio on the left as above and a similar
ratio for the number of detected stimuli on the right when the right side was stimulated
separately divided by the number detected when both hands were stimulated simultaneously.
Extinction was identified within subjects when the extinction ratio for thermal pain stimuli
was significantly greater for thermal stimuli on the left than on the right hand side. Non-
parametric group statistics tested differences in the proportion of subjects with a sensory
abnormality between different subject groups (see Section 3.4). Since we always applied
eight repeats of each temperature/laterality combination of stimuli (see Section 2.3) pair
non-parametric tests often included ratios with denominators of less than five. Therefore, the
use of a Fisher exact test, rather than a χ2 test, is mandated to test differences in these
proportions [58].

A similar approach was taken for the other sensory abnormalities. Mislocalization was
measured within individual subjects by errors in the identification of the side of the thermal
stimulus when it was applied on one side and the thermal neutral stimulus when it was
applied on the other side (Fig. 2B). In this protocol, the mislocalization ratio was defined by
the number of thermal stimuli which were localized to the side upon which the thermal
neutral stimulus was applied. Mislocalization was then identified within subjects when the
proportion of mislocalized thermal stimuli was significantly greater for thermal stimuli
presented on the left side than when it was presented on the right side. A similar approach
was adopted for misidentification.

Misidentification within individual subjects was based upon errors in identification of the
submodality of the thermal stimulus (hot versus cold) when it was applied on one side and
the thermal neutral stimulus was applied on the other side (Fig. 2C). Misidentification was
then identified within subjects when the proportion of misidentified thermal stimuli was
significantly greater when the thermal stimulus was presented on the left side than when it
was presented on the right side.

2.5.2. Parametric group analyses—Parametric tests (ANOVA) were carried out
because the ratios used to assess the sensory abnormalities in this study may reflect the
severity of neglect or extinction above the threshold for making the diagnosis. Extinction
ratios were tested in an ANOVA as a function of the subject group (hemi-neglect, stroke
without hemi-neglect, healthy controls), laterality of the ratio (left versus right), and
submodality (hot and cold) (see Section 2.3). Similarly misidentification ratios (see above)
and mislocalization ratios were tested in separate ANOVAs as a function of the subject
group, laterality, and submodality (see Section 2.3).
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3. Results
3.1. Subjects

These studies were carried out in a target group of subjects (n = 9) with hemi-neglect, and
without exclusionary criteria (see Table 1); all were right handed. Strokes were ischemic or
hemorrhagic, and were all located on the right side of the brain. These strokes included five
subjects with large strokes of the middle cerebral artery (MCA) territory. One subject (1:4)
had a stroke of the right posterior and anterior cerebral artery watershed territory, which
involved the parasagittal aspect of the frontal and parietal lobes. One subject had a parietal
lobar hemorrhage, two had extensive small vessel infarcts, and one had a new subcortical
stroke. All nine subjects had left sided weakness.

Eleven subjects in the Brain Rescue Unit with a diagnosis of a stroke-like event but without
hemi-neglect served as controls (Table 2). The sample included subjects with acute
hemispheric strokes, one hemorrhagic stroke, and extensive chronic small vessel infarcts
with neurologic decompensation. We also examined twenty healthy controls, (n = 20, 10
men aged 25–58 years old; 10 women aged 27–59 years old) without any history of
neurologic disorders or of chronic medical disease. The proportion of subjects with diabetes
mellitus was not significantly different between subjects with strokes with (5/9) or without
hemi-neglect (5/12, p = 0.67).

In controls with strokes, there were occasional errors in the description of stimulus in the
heat or cold submodality of the DSS protocol divided by the total number of trials (n = 48
trials/subject, error rate = 3.9 ± 8.2%, mean ± SD) (cf. [41]). The percentage of errors was
not significantly different from that among healthy controls (see above, 3.3 ± 3.2%, t = 0.27,
p = 0.79). The number of errors were not significantly different between women (3.3 ± 3.6)
and men in the healthy control population (3.4 ± 5.7, t = 0.02, p = 1).

3.2. Hemi-neglect
Fig. 1 shows a subject (Table 1, 1:8) who had dramatic neglect of her left side, which is on
the reader’s left. This subject cancelled only lines on the right, and drew the clock almost
entirely on the right, including the hand indicating nine o’clock. All nine subjects with hemi-
neglect had significant abnormalities of clock drawing, line bisection, or line cancellation, or
some combination of these (see Table 1). Four subjects had visual or tactile extinction, or
both; among these four, three had mislocalization or misidentification of thermal pain
stimuli (Table 1: subjects 1:3, 1:5, 1:7), one had only mislocalization (1:4), and none had
thermal pain extinction. Therefore, these results do not point to a clear relationship between
visual spatial extinction and thermal pain extinction.

3.3. Thermal pain extinction
Fig. 2 shows examples of subjects with the three types of attention-related thermal pain
sensory abnormalities as identified by the thermal pain DSS protocol (see Section 2): A
extinction, B mislocalization, and C mislocalization. The significance of attention-related
sensory abnormalities was tested within all subjects as outlined in Section 2.5. The upper
row of all panels in Fig. 2 (labeled Extinction) shows the percentage identification of the
thermal/pain stimulus on the left hand when presented on the left (labeled left), and on the
left when presented on both hands simultaneously (labeled both), for heat (red) and cold
(blue). Fig. 2A shows results in a subject (Table 1, subject 1:1) with thermal pain extinction
for heat by testing within individuals.

3.3.1. Parametric group analysis—Extinction ratios were significantly higher in the
hemi-neglect group of subjects than in the control groups (F = 6.9, p = 0.0036, ANOVA).
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There was a strong trend toward higher extinction ratios on the left than on the right (F =
3.5, p = 0.063). Extinction ratios were larger for the left side in subjects with hemi-neglect
(side:group interaction term, F = 6.0, p = 0.003). The difference in thermal pain extinction
between the hot and cold submodality were not significant (F = 0.08, p = 0.78).

3.3.2. Non-parametric within subject analysis—A non-parametric analysis was
carried out after the ANOVA described above. Fig. 2A shows a within subject analysis
which demonstrates a significant extinction ratio for heat because the proportion of stimuli
identified on the left with left sided heat stimulation (8/8) was significantly greater than the
proportion on the left with bilateral heat stimulation (0/8, p = 0.0001, Fisher). Significance is
indicated by an asterisk in the upper row of Fig. 2A. In this subject, the analysis was
identical for the cold sub-modality. Extinction ratios for both hot and cold stimuli were
found in another subject (Table 1, subject 1:2), but in none of the other subjects with hemi-
neglect (Table 1, column 6).

3.3.3. Non-parametric group analysis—The responses evoked by thermal/pain stimuli
in the subjects with thermal pain extinction had neither mislocalization nor misidentification
(0/2, see Table 1) while subjects without such extinction all had either mislocalization or
misidentification or both (7/7, p = 0.0278, Fisher).

3.4. Mislocalization
The middle row of all panels in Fig. 2 (mislocalization) shows the localization of the thermal
stimulus on the side opposite to that upon which it was presented. Localization to the left
when the stimulus is presented on the right is labeled left; localization of the thermal
stimulus on the right when presented on the left is labeled right. In each of these trials
analyzed for mislocalization, the thermal-neutral control stimulus was applied opposite to
the thermal stimulus. These conventions also apply to misidentification, which is shown in
the lower row of each panel of Fig. 2 (see Section 3.3).

3.4.1. Parametric group analysis—Mislocalization ratios were significantly higher in
the hemineglect group of subjects than in the two control groups (F = 60, p = 2.2 × 10−16,
ANOVA). Across all subjects, mislocalization ratios were significantly higher among
stimuli presented on the left (affected, 5.78 + 0.76, average + variance) versus the right side
of the body while the thermal neutral stimulus was presented on the opposite side (0.78 +
0.33) (F = 37.9, p = 0.000003, ANOVA). The difference in mislocalization between the hot
and cold modality was not significant (F = 0.001, p = 0.38) as tested by comparing the
number of mislocalized stimuli among hot versus cold submodalities. In the post hoc
analysis, the side:group interaction term showed significance due to higher mislocalization
ratios for the left side in subjects with hemi-neglect (side:group interaction F = 65, p = 2.0 ×
10−15).

3.4.2. Non-parametric within subject analysis—Mislocalization was assessed within
individual subjects by the mislocalization ratio (Section 2.5). In subject 1:4 (Table 1), the
mislocalization ratio for heat stimuli was significantly more common with presentation of
the stimulus on the left (6/8) than on the right (0/8, p = 0.007, Fisher, Fig. 2B, Table 1).
Significant mislocalization was never observed in any subject in either control group.

3.4.3. Non-parametric group analysis—In the group non-parametric analysis, the
proportion of subjects with mislocalization among those with hemi-neglect (7/9, Table 1
column 6) was significantly greater than in the controls with stroke (0/11, p = 0.0003, Table
2, column 5), or without stroke (0/20, p < 0.00001). These results provide strong evidence
for mislocalization of thermal pain stimuli in subjects with hemi-neglect.
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3.5. Misidentification
The lower row in each panel in Fig. 2 shows the misidentification of the submodality of the
stimulus (i.e. reporting heat stimuli as cold, or cold as heat) which occurred in situations
where the stimulus was mislocalized to the side opposite the side of the thermal pain
stimulus. The proportion of misidentification of the thermal stimulus on the left was
compared with that on the right.

3.5.1. Parametric group analysis—Misidentification ratios were significantly between
subject groups due to higher ratios in the hemi-neglect group of subjects than in the two
control groups (F = 7.0, p = 0.0013, ANOVA). Misidentification ratios for the modality of
the thermal stimulus were significantly higher (F = 7.0, p = 0.04, ANOVA) among stimuli
presented on the left (4.32 + 1.25, average + variance) versus the right side (0.57 + 0.21).
The misidentification ratios were not significantly different between the hot and cold
modalities (F = 1.1, p = 0.31). On post hoc analysis, the side:group interaction term showed
significance (F = 6.8, p = 0.0015) due to higher misidentification ratios for the left side in
subjects with hemi-neglect.

3.5.2. Non-parametric within subject analysis—An example of within subject
analysis is shown in Fig. 2C (Table 1, subject 1:5), in which misidentification of cold stimuli
as heat stimuli was more common with presentation of the stimulus on the left (8/8) than on
the right (0/8, p = 0.0002). In each trial, the thermal-neutral control stimulus was applied
opposite to the thermal stimulus.

3.5.3. Non-parametric group analysis—Significant misidentification was not
identified on analysis within subjects in any of the healthy controls or in controls without
hemi-neglect (Table 2 column 5). Therefore, the proportion of misidentification among
subjects with hemi-neglect (Table 1 column 6) was greater than among controls with stroke
without hemi-neglect (6/9 versus 0/11, p = 0.0015). These results provide strong evidence
for misidentification for the heat and cold submodalities in subjects with hemi-neglect.

3.6. Analysis of large hemispheric strokes
Large hemispheric strokes were more common among subjects with hemi-neglect than
controls with stroke-like events, so that thermal pain inattention in these strokes may have
influenced the results of this study. We tested this possibility by comparing attention- related
sensory abnormalities among subjects in both groups. Among subjects with large
hemispheric strokes, the proportion of subjects with mislocalization for hot or cold or both
was greater in those with hemi-neglect (6/7) versus those without hemi-neglect (0/7, p =
0.0023, Fisher). The same was true for misidentification (6/7 versus 0/7); differences in the
incidence of thermal pain extinction were not significant (1/7 versus 0/7, p = 1). Therefore,
among subjects with large hemispheric strokes, those with hemi-neglect had higher
attention-related abnormalities of thermal/pain sensations than subjects with strokes without
hemi-neglect.

4. Discussion
These results demonstrate that extinction for thermal pain stimuli can occur in subjects with
hemi-neglect. More commonly, these subjects have mislocalization which occurs when the
sensation on the affected (left) side is detected, but is referred to the unaffected (right) side.
Among stimuli which are referred to the affected side, the submodality (hot or cold) of the
stimulus is often misidentified. Mislocalization and misidentification are significantly more
common with application of thermal stimuli to the affected side than the unaffected side,
among subjects with hemi-neglect than in either control group. These results demonstrate

Liu et al. Page 8

Pain. Author manuscript; available in PMC 2012 July 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that disordered spatial attention exerts a powerful effect upon the perception of location as
well as the identity of thermal pain stimuli. This is consistent with evidence that processing
of experimental painful stimuli depends, in part, upon the location of the focus of spatial
attention on the body [37], and may be dependent on the orientation of the limbs in
peripersonal space [43].

4.1. Methodological considerations
It could be argued that the mechanical control stimulus used in thermal pain extinction
testing might confound the results. However, the same kind of contralateral control stimulus
is used in many tests of extinction, such as the vibratory modality. In this modality, the
control stimulus is a non-vibrating tuning fork. Stimuli of this kind allow for reliable
detection of extinction in multiple modalities including vibration, proprioception,
graphesthesia, movement, and electrocutaneous stimuli through electrodes applied to the
skin [24–27,33]. Therefore, the presence of a control stimulus is not standard but has been
found to be a useful part of many tests for extinction.

In the present study, we applied the thermal neutral control stimuli in all populations and the
differences between groups were highly significant. In order to understand the effect of the
control modality (mechanical) we considered studies of cross-modal spatial attention. In this
study an extinction protocol for visual stimuli was perturbed by auditory stimuli which were
directed toward one side or the other [18,51]. If the auditory signal was on the affected
(neglected) side then it led to increased detection of the visual stimulus on that side; if the
auditory stimulus was located on the unaffected side it did not bias the results.

This result suggests that the mechanical stimulus on the affected side, in our study, would
increase the identification of thermal and mechanical stimuli on that side but not when same
stimuli are applied on the unaffected side. Therefore, mechanical stimuli might lead to a
decreased thermal pain extinction ratio, although the effect of bilateral thermal and
mechanical stimuli is unknown. Therefore, this effect might lead to decreased identification
of thermal pain extinction, although it cannot explain mislocalization or misidentification of
the thermal stimulus (Fig. 2B). Pain DSS protocols could best be carried out by use of
bilateral radiant heat stimuli which could identify extinction of a pure pain stimulus.

4.2. Mislocalization
The present results showed evidence of mislocalization of thermal pain stimulation to the
attended (right) side when the thermal stimulus was applied to the unattended side as shown
in the middle rows of Fig. 2B and C. Mislocalization, also termed alloesthesia, has been
observed in studies of cordotomy of the spinothalamic tract in which painful stimuli at the
spinal level and side of the lesion may be felt on the unaffected side or below that lesion of
stimulation [15]. Thermal pain mislocalization may involve the thermal signaling
component of the STT to the ipsilateral hemisphere [67].

The presence of an ipsilateral pain system is supported by physiological evidence of monkey
thalamic [8,66], and parietal cortical neurons with bilateral receptive fields to painful stimuli
[13,31]. Some of these neurons are multimodal and respond to the appearance of a painful
stimulus in a particular region of the space around the subject. This effect of location may or
may not apply to present study of cutaneous space, although neuronal responses to
ipsilateral painful stimuli provide a substrate which might be modulated by location of the
painful stimulus in the space around the subject [12].

Evidence of ipsilateral brain activation is also found in PET studies which demonstrate that
intensity-dependent activation can occur ipsilateral to an acute painful stimulus [10,53]. This
stimulation protocol evokes bilateral activation of secondary somatic sensory cortex, insula
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and anterior cingulate cortex, although these activations might not be related to pain
sensations [44]. Ipsilateral activation is also observed in the cerebellum, putamen, thalamus,
anterior cingulate cortex, and frontal operculum.

Studies in subjects with hemispherectomy or callosotomy demonstrate that ipsilateral inputs
can subserve the sensory aspect of pain [48,59]. Subjects in both these groups could detect
the presence of a painful and a non-painful thermal stimulus but made errors in localization
of the stimulus. In subjects with hemispherectomy, localization of tactile stimuli to the
medial or the lateral side of the foot was impaired on the affected but not the unaffected side
[48]. Furthermore, in the subjects with hemispherectomy, blood flow activation by
ipsilateral stimulation was weaker but involved the same structures as activated by
contralateral stimulation, i.e. anterior cingulate, primary and secondary somatic sensory
cortex.

In subjects with hemi-neglect, the mislocalized stimuli may be the result of callosal
transmission of sensory inputs from the affected (right) to the unaffected hemisphere.
Transmission to the unaffected (left) hemisphere of sensory input from the contralateral
thermal neutral stimulus may be essential for mislocalization. The importance of the
stimulus on the unaffected side has been demonstrated in a DSS protocol with two tactile
stimuli in which mislocalization occurred in healthy subjects [41].

In a subject with a total callosotomy, a thermal pain stimulus was applied to produce input to
the contralateral hemisphere. The subject rated sensations using the hand controlled by that
hemisphere on a visual analog scale which was presented in the visual field of that
hemisphere (responding hemisphere) [59]. In this subject, the somatotopic localization of a
painful stimulus was unreliable when the stimulus was ipsilateral to the responding
hemisphere. The localization was significantly more reliable when the stimulus was
contralateral to the responding hemisphere. Therefore, the localization in the present results
might reflect inputs to the unaffected hemisphere through either ipsilateral connections from
the spinal cord, or callosal connections to the unaffected hemisphere.

4.3. Misidentification of thermal stimuli
The present results were consistent with thalamic and (parietal) cortical neuronal responses
to a range of thermal and mechanical stimuli applied across large bilateral receptive fields
[8,12,13, 31,59]. These neurons could be the substrate for misidentification of the stimulus
applied to the affected hand (misidentification). This suggestion is consistent with results in
subjects with hemispherectomy who could identify the presence of a thermal stimulus on the
affected side of the body but could not correctly identify the modality of the stimulus as hot
or cold [59]. Unlike subjects with hemispherectomy the misidentification of thermal pain
stimuli in subjects with hemi-neglect could be due, in part, to input to the contralateral
hemisphere from the ipsilateral hemisphere through the corpus callosum.

Studies in a subject with a total callosotomy demonstrated that mildly painful or non-painful
thermal sensations on the side ipsilateral to the responding hemisphere were rated as less
intense than that on the other side or the normal population [1,17,19]. The present results
indicate that input to the unaffected (right) hemisphere from the neglected (left) hand may
mediate the sensory component of thermal pain sensations evoked by a stimulus applied to
the left hand. The transcallosal mechanism of misidentification assumes that the unaffected
hemisphere can still support transmission of thermal pain signals to the affected hemisphere.

It has been proposed that inattention to the limb affected with chronic regional pain
syndrome may be an underestimated component of chronic pain syndromes. These subjects
show multiple abnormalities including spatial shifts in tactile perception [21,22], pain on
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watching the mirror image of the unaffected hand [56], and information processing
difficulties [54]. Inattention might also explain phenomenon which are currently ascribed to
reflex or involuntary immobility of the affected limb, or to a movement disorder associated
with chronic pain, such as dystonia in reflex sympathetic dystrophy. Therefore, important
features of chronic pain can be mediated through the ipsilateral processes which support
mislocalization and misidentification. This mechanism may also support sensory or
psychological interventions in the case of pain with associated inattention.
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Fig. 1.
Examples of the line cancellation task (Panel A), and a drawing of a clock face (Panel B)
and in a subject with hemi-neglect (1.8 in Table 1). The right side of the figure corresponds
to the right side of the subject’s visual field.
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Fig. 2.
Examples of the characteristic responses of different subjects to thermal pain stimuli
presented in a DSS protocol. (A) A subject 1:2 with a significant extinction ratio but without
mislocalization or misidentification. In this subject the number of detected stimuli, heat or
cold, was greater when the stimulus was presented on the left side versus both sides, as
labeled. In all panels the color indicates the submodality of the stimulus (heat, red; cold,
blue). (B) A subject 1:4 with mislocalization of heat stimuli so that heat applied to the left
was mislocalized to the right where the thermal neutral stimulus was applied (middle line).
(C) A subject (1:5) who misidentified as heat (lower line) the cold stimulus which was
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applied on the left but mislocalized to the right (middle line). (D) DSS protocol results in
control subjects without hemi-neglect.
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