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Virtual Pain Stimulation of Allodynia Patients Activates
Cortical Representation of Pain and Emotions: A

Functional MRI Study

Takahiro Ushida®, Tatsunori lkemoto*, Shinichirou Taniguchi*, Keniji Ishida*, Yoriko Murata*,
Wasa Ueda®, Shigeki Tanaka-, Akio Ushida¥, and Toshikazu Tani*

Summary: The present study investigated neural correlates of affect processing in allodynia patients (n=8) and healthy controls (n=12) with the aid of
virtual tactile stimulation. Whole brain functional magnetic resonance imaging was performed for allodynia patients and healthy volunteers while
they were shown a video demonstrating light stimulation of the palm and another stimulation aimed at producing anticipation of palm stimulation.
Contrasting with controls, patients displayed activation of the cortical areas related to pain and emotions: prefrontal cortéx (Brodmann’s area BA 10)
and anterior cingulate cortex (BA 24). These findings may indicate involvement of an emotional component of pain perception in allodynia patients.
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Introduction

Patients with neuropathic pain show various types
of pain-related neurological and psychological symp-
toms. More than a third of patients suffering mental dis-
orders reportedly display some form of chronic pain
condition (Von Korff et al. 2005). Pain evoked by
non-noxious stimulation, known as allodynia, repre-
sents a commonly observed feature in patients with
chronic neuropathic pain. This type of pain represents a
serious health problem, strongly impacting quality of life
and influencing psychological condition in patients who
experience it.
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Several neurophysiological mechanisms in the spi-
nal cord and peripheral nervous system have been pro-
posed to explain the development of allodynic pain.
Indeed, Woolf et al. (1992) reported that large myelinated
AP fibers, which normally convey tactile sensations,
sprout to lamina I of the dorsal horn, where the majority
of pain-related C-fibers terminate. Andrew et al. (1999)
reported that sensitized and hyperactivated C-fibers
start responding to not only noxious signals, but also in-
nocuous gentle tactile stimuli. In contrast, few studies
have focused on the brain mechanisms of allodynic pain
regardless of how such pain is recognized and experi-
enced inside the brain.

Functional neuroimaging techniques like functional
magnetic resonance imaging (fMRI) offer informative
tools for detecting neurological activation in the brain in
response to various tasks (Apkarian 1999) . Importantly,
fMRI can be used in clinical settings to assess pain condi-
tions of clinical relevance. Although various methods for
acquiring functional activation of thebrain have been de-
veloped, blood oxygenation level-dependent contrast
(BOLD)-fMRI is considered the principal tool for map-
ping studies of the human brain (Apkarian et al. 1999;
Fox et al. 1988). However, no previous studies have used
fMRI to examine functional anatomy in the brains of pa-
tients with allodynia in relation to the emotional aspects
of pain using virtual tactile stimulation.

The present study investigated whether anticipa-
tion of painful stimulation can cause activation of cortical
areas responsible for pain and emotions in allodynia pa-
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tients. Allodynia patients are known to often display
guarding of the painful limb and intense aversion to
touching various objects to avoid pain. We therefore
hypothesized that in neuropathic pain patients with
allodynia, visualization of a painful experience could
provoke unpleasant emotions, and these emotions might
be closely related to the maintenance of chronic pain con-
ditions. We also wondered whether any distinctions
would exist in the activation of cortical brain areas be-
tween normal subjects and allodynia patients in re-
sponse to virtual tactile stimulation.

Methods

Subjects

Activation of the brain was studied in 12 normal in-
dividuals (9 male, 3 female; mean age 41.9 years) and 9
allodynia patients (8 male, 1 female; mean age 46.4 years)
inresponse to the 2 types of virtual experiences described
below. All examined patients displayed right hand
allodynia resulting from right arm/hand trauma or mi-
nor cervical spine injury and were diagnosed with com-
plex regional pain syndrome (n=7) or partial spinal cord
injury (n=2). Neither volunteers nor patients had any
previous history of cerebrovascular disease or head
trauma. Self-diagnostic depression score (SDS) was
obtained for all patients to exclude the possibility of de-
pression. All protocols were approved by the ethics com-
mittee of Kochi Medical School. Participants were given
full information on the purposes of the study and pro-
vided written consent. Prior to the functional imaging
study, a plain T2-weighted MRI was performed to check
for non-symptomatic brain lesions. However, no abnor-
mal lesions were detected from any of the participants
used in this study.

Experimental Design and Procedure

Virtual tactile stimulation was used to evoke expe-
riences of tactile and / or unpleasant feelings and antici-
pation of such feelings in normal volunteers and
neuropathic pain patients with allodynia. The design of
the experiment aimed to reproduce sensations evoked
by expectation of pain as close to reality as possible. At
the time of fMRI, tasks were applied in a fixed block de-
sign. All participants were exposed to virtual tactile
stimulation, using a digital video clip demonstrating
random tactile stimulation of the palm using a
horse-hair brush (Task 1) and similar serial movements
of the brush without touching the palm (Task 2). Task 1
imitated painful stimulation itself, while Task 2 was
supposed to produce the anticipation of this stimula-
tion. Before and between these tasks, participants were
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shown two static hands (palms) on a screen, providing
the baseline stimulation (control condition). Distance
between eyes and screen was 110 cm. The hand pro-
jected on screen was 18 cm wide and 24 cm high, sub-
tending a visual angle of 12.6° x 9.4° (figure 1). Tasks
were applied randomly and the experiment lasted 336 s
(see details of paradigms, figure 1). At 7-10 days after
first fMRI, all volunteers underwent a second fMRI
scan. Prior to the second fMRI, an actual brush was ap-
plied to the right palm of volunteers for 10 min (precon-
ditioned volunteer study), to familiarize subjects with
the feelings evoked by the shown stimulation. Prior to
this experiment, subjects again underwent Tasks 1 and
2 (both tasks were shown within a single scanning ses-
sion, lasting 336 s; figure 1) for 10 min, and thus could
recall the type of feelings accompanied by the stimula-
tion. Feelings evoked by tasks, such as discomfort or
anxiety, were subjectively qualified using a visual ana-
logue scale after fMRI.

Image Acquisition

Acquisition of images was performed for the entire
brain using a SIGNA 1.5-T scanner (GE, Tokyo) with a
BOLD T2-weighted multislice gradient EPI sequence (TE
40 ms; TR 4000 ms; flip angle 90°; slice width 7 mm;
interslice gap 1 mm,; 17 slices). Subjects underwent imag-
ing in a supine position in the standard manner with a
sponge placed under the lower half of the head, which
was immobilized using a vacuum splint to minimize
movement artifacts. During imaging, subjects were
instructed to view a video on a screen via a mirror. Noise
generated by the MRI apparatus was suppressed using
earplugs. Respiratory conditions and O, saturation were
monitored during the session.

Image Analysis

Results were analyzed on a Unix workstation using
SPM99 software (Wellcome Department of Cognitive
Neurology, Institute of Neurology, London
http:/ /www fil ion.ucl.ac.uk/spm). Acquired images
were realigned, spatially normalized using a standard
EPI template and finally smoothed with an isotropic
Gaussian kernel of 8 mm FWHM. Statistical significance
was assessed using the delayed box-car reference
convolved with a hemodynamic response function. Lin-
ear contrasts between different conditions provided the
results as activated areas by creating a spatially distrib-
uted map of the t-statistic (SPM{t}). To detect neural sub-
strates for virtual visual experience, we compared the 2
task conditions and control condition in allodynic pa-
tients and volunteers. Thresholds for activation were set
at p<0.001 for voxel level of activation, which was cor-
rected for multiple comparisons at the extent threshold
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Task 2

Agure 1. Exparimental dasgn. Subjects errollad in tha expatment weara thown o digliial video clig demonstraling randonm
tactie strmutation of the palm using a hoarse hair brush (hask 1) and similar sefial rmoverments of e Brush without touching

v pakm (hask 20

of p<iL05, The atlas of Talairach and Toumous was wsed
to anatomically localize foci of significant activation
(Talairach 1988),

Resulls

Evoluations of Task-Related Paln and Ciscornfiorts

Meither patients nor volunteers reported actual
painful feelings (mean visual analog scale (VAS) score,
29 range, 0-5.5; table [). However, 8 of the % patients de-
scribed discomiort and irritation, While 8 patients com-
pleted the study, 1 patient experienced severe discomfort
during scanning and abandoned the study. Discomfort
in this patient lasted 2 days and impacted on activities of
daily life (ADL) despite normal findings for ADL and
pavchological stabus on pre-IMET evaluation. Mo volun-
teers reported any discomfort during both
non-preconditioned and preconditioned studies, but & of
the 12 volunteers reported unusual emotional experi-
ences during the preconditioned study. In contrast, no

non-preconditioning controls reported any emotional
experiences (fable Ij.

O sabwration and heart rate remained unchanged
during (MEI in all subjects.

MARI Resulls

Growug Analysis (Table 1T}

In allodynia patients, the superor frontal gyrus
(Brodmann’s area (BA) 10} and anterior cingulate cortex
(A0C; BA 24) were more activated under Task 1 condi-
tions than under Task 2 conditions (fgure 2). In contrast,
no areas were mose significantly activated under Task 2
compared to Task 1 {figure Z). Compared with the con-
trol condition, both Task 1 and Task 2 activated BA 3.

In response to Task 1, controls in the precondition-
ing subgroup displayed activation of BA 3% and the pari-
etal angular gyrus (figure 3). Mo significant activation
was detected in Task 2 (figure 3). Controls in the
non-preconditioning subgroup displayed no significant
activation in response to Tasks 1 and 2.
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Table I. Allodynic pain cases.
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Pain Intensity (VAS)
. . . Disease duration Spontaneous Allodynic pain Discomfort evoked by
Age Sex  Diagnosis Pain Symptom (months) Pain by real stim  visual task (VAS)
Right hand allodynia,
35 M CRPS hand contracture, 11 25 45 1.5
finger motion pain
Right hand allodynia,
64 M CRPS hand contra 26 5 75 4
Right elbow-hand allodynia,
55 M CRPS hand contract 23 4 7 3.5
Right hand allodynia,
25 M CRPS hand contracture, 14 6 8 4
finger motion pain
ial spi Both hand allodyni
55 v Fartialspinal B0 atodyma 24 35 55 0
cord injury
Right hand allodynia,
4 M CRPS wrist and finger contracture 15 25 6.5 5.5
Partial spinal Both hand allodynia,
48 E cord injury ~ finger contracture 12 45 § 2
Right hand allodynia,
45 M CRPS hand contracture, 9 4 7 25
finger motion pain
40 Right hand allodynia,
(could not com- M CRPs  hand contracture, 35 45 6 8
plete study) finger motion pain

Table ll. Talairach coordinates and Brodmann’s areas for regions of significant activation (p<0.05 af voxellevel, corrected
for multiple comparisons) in response to virtual visual stimulation (tasks 1 and 2) in altodynia patients and normal volunteers

with and without preconditioning.

Task Type Activated Cortical Areas
Patients Task 1 BA10 (-6, 66, -4): Prefrontal cortex (T=6.15)
BA24 (4, 14, 26): Anterior cingulate cortex (T=4.93)

Task 2 No significant activation
Volunteers Task 1 No significant activation
(non-preconditioned)

Task 2 No significant activation
Volunteers Task 1 BA39 (-48, 68, 32): Parietal angular gyrus (T=4.96)
(preconditioned)

Task 2 No significant activation
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Figure 2. Areas of cortical activation in alodynio patients Inresponse to fhe 2 tasks of virual visual stimalation detected by
VR Patients showead activation of ACC (BA24), and prafrontal corbax (BA 100 inresponse ta task 1 gaft). Incontrast, o sig-
nificon| aclivalicn was detecied inresponess to fask 2 (rghl). Statisical threshold was vomel kaved p<0.05 comactad for mul
fiple compansons.
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Fgure 3. Araas of conlicdl aclivadion in precondilionad namrmcl voiumPesss in rdspanse 1o 1he 2 tasks of vriual visud stimiso
tion cetectad by IMBEL Volumtearns showed aclivation of left poanabal orguilor gyrus CAG: BASY) in responsa fo task 1 Jeff). in
contrast, no d@gnificont octivation was detacted in response to fosk 2 (dght). Statistical Threshald wos vored kevel peD,05

comected for multipis COMPanacas.
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Table lil. Talairach coordinates and Brodmann’s areas for regions of significant activation (©<0.0001, T score >4.0, uncor-
rected threshold) in response to virtual visual stimulation (Tasks 1 and 2) in dllodynia patients.

Task Type Activated Cortical Areas
Case 1 25y M Task 1 BA10 (-26, 52, 2): Prefrontal cortex (T=5.24)
BA47 (40, 24, -18): Inferior-frontal cortex (T=4.74)
BA24 (4, 12, 32): Anterior cingulate cortex (T=4.21)
(-14, -14, 18): Caudate (T=5.73)
Task 2 No significant activation
Case 2 64y M Task 1 BA10 (-30, 62, -10): Prefrontal cortex (T=5.42)
BA11 (-44, 38, -12): Middle-frontal cortex (T=4.93)
(12, -2, -2): Lentiform Nucleus (T=4.25)
Task 2 No significant activation

A direct comparison between the patient group and
the preconditioned group showed activities in ACC,
insula and prefrontal cortex respectively.

Case Analysis (Table I1I)

Case 1: A 25-year-old man experienced injury to the
right hand in an accident involving a compressing ma-
chine in September 2002. The right middle finger was am-
putated at the distal phalanx and radiological examination
revealed index, middle and ring finger fractures. The pa-
tient subsequently developed allodynia and spontaneous,
unendurable pain in the injured hand, particularly in the
index and middle finger (VAS: 8). Feelings of discomfort
were reported during both fMRI scans (VAS: 4).

First-level individual fMRI analysis revealed activa-
tion of the left prefrontal cortex, left inferior frontal cor-
tex, right ACC and caudate nucleus during Task 1. In
contrast, no significant activation was detected during
Task 2 (figure 4, left).

Case 2: A 64-year-old man with existing asymptom-
atic cervical ossification of the posterior longitudinal lig-
ament (OPLL) accidentally fell down a stairwell and
sustained injury to the cervical spinal cord. The patient
subsequently developed allodynic pain and minor sen-
sory deficit on both palms without major motor paresis
(VAS: 7.5). Feelings of discomfort were reported during
fMRI (VAS: 4).

First-level individual fMRI analysis revealed activa-
tion of the left prefrontal cortex, left middle frontal cortex
and rightlentiform nucleus during Task 1. In contrast, no

significant activation was detected during Task 2 (figure
4, right).

Discussion

Our results demonstrate that fMRI can be used to
identify regions of the brain activated by unique visual
stimulation in both normal volunteers and patients with
allodynia. In contrast tonormal volunteers, virtual tactile
stimulation of allodynia patients caused activation of the
ACC and prefrontal cortex.

Recent neuroimaging studies in humans have docu-
mented real-pain-related activation in limbic sites such
as the ACC and rostralinsula, and in the primary sensory
regions SI and SII (Talbot et al. 1991; Rainville et al. 1997;
Ringler et al. 2003). In our previous study of allodynia pa-
tients, real painful stimulation to the allodynic site also
produces activation in the ACC, SI, SII and supplemen-
tary motor area (Tkemoto et al. 2003). A similar finding
was reported by pin-prick stimulation of mechanical
hyperalgesia areas in patients with complex regional
painsyndrome (Maihofner et al. 2005). The present find-
ings support observations that real-pain-related activa-
tion of the ACC is determined by the specific emotional
and behavioral reactions of allodynia patients to pain
(Bushnell etal. 1984). This area hasbeen classified as part
of the limbic system of the brain, which is thought to con-
trol emotions and affective responses to pain (Maclean
1955; Vogt et al. 1979). Resection of the ACC has been
found to reduce distress associated with chronic intracta-
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Case 2: 64-y.0. M

Task 2

Task 1

FAgure 4. Areas of corfical activation in Indvidual cllodyria potients inresponse fo fhe 2 tosks of virbual visual stimulation dis-
tactad by MR Cosa 1 showed activafion of aft prefrontal correx (BA10), left inferior-frontal cortes (BA47), fight anteior
cingulale cortex (BA24) ond left coudate in response to fawk 1 jaft), Cose 2 showed acthwation of ket prefronbal cortes
BANM, ket middle frontal corbex (BATT) and right landiforrm nucleus inresponse to fask 1 fight). Stafistical threshold wos

p=0.0001 {urcomached) for vose level acthwation

ble pain (Foltz and White 19%6Z; Hurt and Ballantine
1974). Meurosurgeons have resected this area (usually
bilaterally] in cases of intractable pain with a strong emo-
tional component, finding that patients subsequently
complain less about pain, although still acknowledging
its existence (Talbot et al. 1991). This also supports our
findings that emotional arousal or anxiety are among fac-
tors activating the ACC in allodynia patients

Char finding of the activation of prefrontral cortex
{BA 10) in allodynia patients in response ko virtual visual
stimulation supports other clinical and imaging reports
demmﬁﬂralmg the involvemeant of varous cerebral
prefrontal areas in processing of pain (Grachev and
Apkarian 2000), This has received further confirmation in
animal expedments showing the involvement of these ar-
eas in the modulation of neuropathic manifestations in
awake rats (Baliki et al. 2003). In addition, surgical lesions
of the orbital cortex in patients have been shown to pro-
vide relief from chronic pain (Grantham and Spurling
1853). Furthermore, normal subjects with high anxiety re-
purtedly display increased concentrations of chemicals
{inogitol complex, N-acetylaspartate, GABA, etc.) in the
orbital frontal cortex than subjects with lower anxiety
{Grachev and Apkarian 2000; Grachev & al. 2000).

LDrespite these previous reports describing the
neurophysiological involvement of the ACC and
prefrontal cortex, the role of these regions in pain modula-
Hom remains unclear, Valet et al. (2004) I'I.‘]'h:,:l'l"t"d diskrace-
ton during the pain experience significantly increases
activation of the cingulo-frontal cortex, including the
orbitofrontal region, ACC and periaquaeductal gray
(FPAG). Those results suggest that the cingulo-frontal cor-
tex may et I:|:|-|:I-|.l|_m.'rt mfluence on PAG and posterior
thalamus b gate pain modulation, However, pain relicf
following creation of a surgical lesion in the ACC or or-
bital cortex appears inconsistent with Valet's findings and
further research is needed o improve our understanding
of cortical [J.Eli.n maclansms.

In response to Task 1, activation of BA 39 (angular
gyrus) was observed in preconditioned controls. Similar
observation has boen the |.'|.'5.|.1]Iul'm;lin_h;'l:mmparisunl:ﬂ:
tween preconditioned vs non-preconditioned study, An-
gular gyrus is known as a multimodality area and is
known to be involved i spatial attention and writ-
ing/reading abilities (Chambers ¢t al, 2004; Milne et al,
2002} In other studies, activation of angular gyrus has
beem observed when the task requires connecting differ-
ent types of sensory modalities (Calvert et al. 1997;
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Capek et al. 2004). Similar findings were also observed in
functional tasks which require visual-tactile cross-modal
information integrations (Saito et al. 2003). Therefore, the
activation of angular gyrus observed in our study may be
related to visual-tactile cross-modal integrations and
possibly affect unusual emotional feelings.

In conclusion, the present results suggest interac-
tions between brain cortical structures responsible for
pain and emotions in allodynia patients. The model of
virtual pain stimulation described herein may offer a
useful tool for evaluating the efficacy of pharmacological
or psychological interventions directed specifically at
minimizing either responses to pain or its anticipation in
patients with allodynia.
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