or had been made by the authors (only for images showing painful
events). Examples of images showing painful events made by authors are
shown in Figure 1. Images showing painful events in Figure 1 depict
arms and hands punctured by needles and syringes, using the author’s
arm and hand andred ink for simulating blood; a needle appears to have
punctured the hand or arm in the images presented but actually it has
not. The subjects were not informed of this setup.- Other images
showing painful events extracted from the IAPS included a man’s face
with a dental needle inserted into his tooth pulp, an arm wherein the
cubital vein is punctured for taking blood samples, and 2 woman's face in
agony caused by a severe headache. Images evoking fear from the IAPS
included a hand holding a knife in a stabbing position, a gun pointed at
the viewer, a giant shark attacking the viewer at any moment, and a man
covered with a mask. Images evoking rest from .the IAPS included
beautiful landscapes. During the€ pain condition, the subjects were
instructed specifically to feel their own pain as if they were in the same
parnful situation similar to the images presented showing painful events.
That is, the subjects were instructed to imagine their own sharp acute
pain as if it were their own arm while viewing images showing an arm
punctured by needles, for example.-Likewise, they were instructed to
feel fear as if they were in the same fearful situation during the fear
condition and to relax and feel free during the rest condition.

. Following the scanning session, we ascertained verbally whether the
subjects were able to imagine their own pain as they viewed the images
showing painful events. The subjects_provided ratings of their arousal
level and the valence of each of the images showing painful events,
images "evoking fear, and -images evoking rest presented during”the
expériment, using the self-assessment manikin (SAM), a 9-point visual
analog scale (Bradley and Lang, 1994). The scale ranged from 1 (calm) to
9 (very excited) for the rating of emotional arousal and 1 (very negative/
unpleasant) to 9 (very positive or pleasant) for the ratmg of emotional
valence. One-way ANOVA was used to compare valence and arousal

1

ratln_gs between the i unages used in the pam fear, and rest conditions. .

Magnetrc resonance - imaging (MRI) was performed using a Shrmadzu-
Marconi’s Magnex Eclipse 1.5-T PD250 (Kyoto, Japan) at the Advanced
Telecommunications Research Institute ‘International, Brain- Activity
Imaging Center (Kyoto, Japan). Functional 7-weighted images were
acqurred usrng a gradient echo-planar i trnagmg (EPD) sequence (repeti-
tion’ time = 3000 ms, echo time = 49 ms, flip angle = 90°, field of view =
192 x 192'mm, and matrix size = 64 x 64 pixels). 'l’lurtyconsecutrve axial
slices (thickness 5 mm) covering the entire cortex and cerebellumn were
acquired. 7,-weighted anatomical images (voxel size = 0.75 X 0.75 x 5
mm) were acqurred in the same plane. 7;-weighted anatomical images
(voxelsize =1 x 1 x 1 mm)were also acquired. Before the acquisition of
functional images (voxel size = 3 x 3 x 5 mm), these 2 sets of anatomical

images were used to improve spatial normalization (Sekr and others

2004). First, Tyweighted image was coreglstered to the mean EPI
(functlonal) image. Second, 7;-weighted image was coreg:stered to the

. Tz-welghted intage. Then, coregistered T-weighted image was used to -

calculate parameters for spatial normalization, and the parameters were
used to normahze EPI (functional) i images (voxel size = 3 x3x5 mm)

Image and Statistical Analysw

Image analysis ‘was performed using SPM2 (Wellcome Instrtute of‘

‘Cognitive Neurology, London, UK) Slice time was corrected and re-
‘constructed data were realrgned, spatially normalized, high- pass filtered,
and smoothed with a Gaussian filter (6 x 6 x 10 mm full widih at half
: maxunum) to minimize noise and residual differences in gyral anatomy

.

. (Fnston and others 1995; Worsley and Friston 1995). Preprocessed MRI _

data were analyzed statistically on a ‘voxel:by-voxel basis using SPM2,
Serial correlations were corrected using an autoregressive model, and
global signal changes were, removed by- scaling: Task-related neural
activities were-modeled using a boxcar function convolved ‘with a

. hemodynamic response function.

To.identify which cerebral networks were acttvated under the pam
condrtron and fear condition, we analyzed the blood oxygenation level-
dependent (BOLD) response under the different emotional conditions
by calculating 3 contrasts: For each subject; a boxcar model;convolved
with the hemodynamrc response functron was apphed to the fMRI time
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Table 1 .
Emotional faungs for image categories: images showing pamful events {pain condition), unages
evuklng fear (fear condmon) and images evoking rest {rest condition)

Rest

Pain Fear
(Mean .+ §D) {(Mean = SD) {Mean + SD)
Postscan SAM vatence {1-9) 2.25 + 1.02* 233 + 1.15*% | 752+ 136 .
Postscan SAM arousal (1-9) 721 £ 1.46* 7.48 = 1.45% 210 = 1.20
Note: SD, standard deviation.
*P < 0.01 versus rest using 1-way analysis of variance.
Table 2 . -
Loca! statistical maxima in activated brain regions in each contrast ’
. MNI coordinates (mm)
Number Cluster Brain region . ¢ v 7z t-Value
of voxels'  lavel
) comected P
Pain —. rest - . -
57 . 0.001 (R) Anterior insula 40 8 -8 8.23
18 0.309 36 —4 12 761°
17 0.000 (R} Il 64 -32 36 812,
27 0.081 ) 52 6 8 - 7.02
54 .0.002 . ACC (BA 24) - 8 10 52 ., 153
26 0.093 - 4 14 32 8.06
9 0.885 . 8 -6 . 48 - 6.19 -
67 . 0,000 {R) PPC 34 —52 .60 9.67 -
26 0.093 (L} PPC ~34 —50 52 . 744
35 0025 - . Cerebellum -24 - —62 —56 - 123"
2 0039 - O =12 =74 . —48 5.62
7 0.968 . ) 4 —64. ~48 511
193 - 0.000 " {R)LOC 48 =70 -4 -8.22 -
I 0.000 fthac - —54 —66 =18 718-
Fear — rest - . o L . :
30 0.129 . {L) Amygdala -20 4 .—18 1698 .
18 0487 ACC (BA 24) -4 8 40 - 701 -
9 0.940 Brain stem 2 -32 -4 6.03
R 0.254 Cerebellum -10 =74 —40 635
443 . 0.000 {R) LOC . 44 —80 ~12 1345
61 0.005 42 - -60 -24 769"
317 0.000 {L} LOC 52 ~78 0 843
Pain — fear
283 . 0000 - (R)SH 58 -32 16 907
13- 0.657 (R) PPC 18 —48 72 6.68
24 - 0157 (L) Sh.. - —62 .. 28 20 . 7.59
32 . - 0053, (L) PPC .- =58 . —48 48 11.61..
5 0.997 ToLs4 -34 52 . 87
19° 034 - {R} Insula- 2 @ -6 =127 890
186 0,000 N -8 54 ~56-, 1712
2 0.157 Cerebeflum -26 ~50 -48 . 178
17 ‘0409 : ’ -14 " 56 —48 7. 21 ’

Note:- Results are supenmposed on MNI coordmates Coordlnates refer-to lacal cluster maxima,
The voxe! size |s 3 X 3 %X 5.mm. MNI, Montreal Neurological Instltute (R}, right; (L), left; LOC,
Iateral ocmpxtal cortex Uncnrrected P < 0.001 was adupted as the helght threshold and ‘the )

. extent threshold of 5 vixels was adopted

serres at each voxel, and t-maps for the contrasts pain minus rest
(contrast name: pain - rest contrast), fearmrnusrest(contrast name: fear-
rest contrast), and pain minus fear: (contrast name: pain - - fear contrast)‘
were computed Then the subiect-specrﬁc contrast images of parameter
estimates were used as inputs for the sécond (fandom effect) level
analysxs At ‘the second level, the 1-sample ttest was conducteéd and
athreshold of P <0.001 (uncorrected) wis employed. To minimize false-

" positive activations, we only used activations exceeding 5 conuguous

voxels as described by Phan and others (2003) The sites of activation for,

. each contrast are listed in Table 2 wnh their numbeér ofvoxels corrected

Pat the cluster level, coordrnates, and #vilue at the voxel level The
cootdinates and label§ of anatomrml I6calizations ‘were defined’ in
accordance with' the macroscopic “anatomical parcellation- of the
Montreal Neurological Institute MRI srngle-sub;ect brain as-described
by Tzourio and others (2002).
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Result

Subjective Self Reports
All the subjects reported that they could i 1mag1ne their own pam
on their body as they viewed the i images showing painful events
in the MRI scanning set. Postscanning emotional ratings by the
SAM method revealed that all the subjects reported comparable
. valence and arousal estimates among images showing painful
events, evoking fear and rest (Table 1). ANOVA showed
significant differences in both the valence and arousal ratings
in rest versus pain, and rest versus fear conditions. On the other
hand, for pain and fear conditions, no differences were found
between valence and arousal ratings. Arousal and valence
ratings were highly correlated (Pearson’s correlation coeffi-
cient, r = 0.93, P < 0.001).

Representation oflmaginatkm of Pain While Viewing
Images Showing Painful Events-
The pain - rest contrast revealed several increased activations in

pain-related regions that are known to be activated during the
perception of nociceptive stimulation (shown in the pain - rest -

contrast in Fig. 2 and Table 2), namely, the right upper bank of
the Sylvian fissure, corresponding to the SII, right anterior
insula, caudal portions of the bilateral ACC (BA 24), and the
cerebellum. Additionally, an increased activation was located in
the rostral part of the posterior parietal cortex (PPC) (right >
left) in both hen:uspheres (BAs 5 and 7). The other peaks of
increased changes in activity were found in the bilateral lateral
occipitotemporal cortices around the fusiform gyrus corre-
sponding to an ‘extrastriate region, which is involved in the
recognition of visual objects. At the subcortical level, in_ the
thalamus as such, no activation Was found in the pain - rest
contrast.

. To determine cerebral Aactivations specnﬁc to the pam
condmon we compared cerebral acnvations during the v1ew1ng
of images showing painful events wuh those during the viewing
of images evoking fear (ie., pain - fear contrast). This contrast
revealed clear activations in the. bilateral sa regions and
posterior parietal cortices (PPCs), with sn'onger activatxons ‘on
the right side than on the left sxde (shown in the pain - fear
contrast in Fig. 2 and Table 2). The other activations observed i m
thxs contrast were in the nght insula and cerebellum Activa
tions in the bilateral lateral occ1pitotemporal cortices were not
observed in the paln fear contrast. °

Reprwentation of Wewing Imagw Evoking Fear
Different patterns of brain activation were found dunng the
viewingof fearful images (fear - rest contrast) as compared with

the viewing of painful images (pain - rest contrast) (shown in the

fca.t rest.contrast in Fig: 2 and Table 2). There were activations
in the left amygdala and the caudal portions of the ACC (BA 24),
cerebellum and bilateral lateral occipitotemporal cortices. The

locations of the activation in ACC and lateral occipital cortices

mostly ‘overlapped with those -of ACC and’ lateral - occipital
cortices actlvanons noted in'the pain - rest contrast. =

In this study, we mvestigated the cerebral hemodynamlc re-
sponse of the imagmanon of pain while viewing 1mages showing
painful events in companson with those while v1ew1ng images
evoking fear and rest Our results show that the’ ifagination of

pain induced a different cortical representation and engage the
brain region associated with pain-related neural network more
extensively in comparison with the emotions of fear and rest,
notably the ACC (BA 24), anterior insula, cerebellum, PPC,and

- the SH region.

Brain Regions Related to -Subjea Experience of Pain

Our general findings in imagination of pain are in agreement
with the recent findings that Jackson and others (2006) have
reported, in which they differentiated empathic responses to
witnessed pain between imagining others versus imagining our
own personal distress in similar painful situation. Recent func-
tional imaging studies in humans have provided evidence that
multiple regions of the brain are involved in pain perception
(Treede and othérs 1999; Kakigi, Inui, and Tamura 2005; Qiu
and others 2005). Despite their diversity, recent many studies
have shown that the pain-related neural brain regions and
network exhibit activation related to the subjective experience
of pain. For example, we have shown, in a yoga master who
claims not to feel pain during meditation, that BOLD signals of
fMRI in these pain-related regions including the primary so-
matosensory cortex -(SI) and SII were not increased while he
received pain by applying a laser pulse (Kakigi, Nakata, and
others 2005). Koyama and others (2005) showed that expect-
ations of decreased pain strongly reduced both the subjective
exnerience of pain and the activation of pain-related brain
reglons including the S, SI, insula, prefrontal cortex, and ACC.

. In suggesnon-prone subjects, Raij and others (2005) showed

that the dorsal ACC and insula were ‘activated during both
physical and psychological induced pain, although the SII region
and posterior insula were activated more strongly during
physical than psychological induced pain. Seymour and others -
(2005) showed that prediction and expectation of pain-relief is
reflected by neviral activities in the amygdala and midbrain and
mirfored by activities in the lateral orbitofrontal ‘cortex (OFC)
and ACC. These findings, taken together Wlth our results,
suggest that the’ subjectivity of pain encompasses a Widespread
and functionally diverse set of brain reglons

Parasylvian Cortex and PPC Activations during
Imagination of Pain While Viewing Images
Showing Painful Events

The main findings of this study are activations iri the SII regxon in
the parasylvnan cortex’ and PPC during the imagination of pain
While vxewmg unages showmg painful events, in which activa-
tions in the SII région and PPC were considered to be relatively
specific ‘to the pain conditiori compared with fear and rest
conditions. The SII region has been consistently shown as' the
main activ1ty area in many pain 1mag1ng studies, suggesting ‘that
the SII region plays a major role in pain perception in humans
(Treede and others 1999 Schnitzler and ‘Ploner 2000; Kakigl,
Inui, and Tamura 2005 Qtu and others 2005). However the
locition of i nocrceptive cortical areas around the sylvian fissure
is still 2 matter of controversy It has been difficult to determine

" whether the nocrceptive area is sxtuated within the classic it
(parietal operculum) or within’ adjacent somatosensory areas

such as the frontopanetal operculum or insula. Many prevlous
studies have shown that noxrous stimuli’ activate at least. one
cortical area around the sylv1an region othet than the SII. For
example fMRI (Brooks and others 2002, 2005; ‘Bingel and others

. 2003; lannetti and others 2005) and electroencephalographnc

(Lenz and ‘others 2000 Frot and Mauguieré 2003) studies have
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Figure 1. Sample painful images. We used 15 images for each condition (pain, fear, and rest conditions). In addition to the “images showing painful events” taken from IAPS (Lang
and others 2005), we used 8 pictures made by the authors in the pain condition to fill up the deficit of images showing painful events taken from IAPS. Images shown in Figure 1 are
the examples of images showing painful events, which were made using the author's arm and hand punctured by needles and syringes and red ink for simulating blood; a needle
appears to have punctured the hand or arm in the images presented, but actually it has not. The subjects were not informed of this setup.

shown activation in the posterior insula following noxious stim-
ulation. Our previous studies also showed that activity from the
insula may contribute to major magnetoencephalographic sig-
nals evoked by noxious stimuli (Inui and others 2003; Kakigi,
Inui, and Tamura 2005). In this study, the pain - rest contrast
showed activations in the right upper bank of the Sylvian fissure,
and the pain - fear contrast showed activations in the same area
bilaterally. Therefore, we consider that activations in the sylvian
region in this study may be a summation of activities from the SII
region and other adjacent areas, although the former appears to
be the major contributor.

In spite of the constant finding of activation in the SII region
following noxious stimuli among the fMRI, electroencephalo-
graphic, and magnetoencephalographic studies, the functional
role of the SII region remains largely unknown. Using a noci-
ceptive stimulus, some studies suggested that the SII region is
associated more with the cognitive evaluative aspects of the
painful nature of a stimulus than with the sensory discriminative
aspects of pain (Treede and others 1999; Schnitzler and Ploner
2000; Timmermann and others 2001). Otherwise, attention to
images showing painful events may also influence SII region
activity; it is known that attention enhances SII region and PPC
responses (Mauguiere and others 1997). Task-related responses
to visual inputs suggest the role of the SII region in directing
attention toward noxious stimuli (Dong and others 1994).
Downar and others (2002) reported an interesting finding that
activation in the temporoparietal junction, which is generally
consistent with our observed activation in the SII region,
showed sensitivity to stimulus salience across multiple sensory
modalities, suggesting this region may play a general role in
identifying salient stimuli. Therefore, activations in the SII
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region observed in this study may likewise functionally reflect
attention capture or awareness entry in identifying salient fea-
tures to the self, although they are situated within adjacent
areas consistently showing activation following noxious stimuli.
Another main finding in this study is PPC activations during
the imagination of pain. It is suggested that the role of the PPC is
to integrate afferent information from multimodalities, such as
vision, touch, and proprioception, and to convert it into com-
mon spatial representations (Andersen and others 1997). In this
study, all the images showing painful events presented to the
subjects (the examples are shown in Fig. 1) contain human body
parts, and the bodies in the images are those of other individuals
not those of the subjects themselves. The subjects were
instructed to imagine pain on their own body as if they were
the subjects in the images showing painful events, and we
consider that such a task necessarily requires self-body image
within the subjects. To project the pain imagined onto the self-
body image, the transformation of spatial coordinates from the
images of body parts of other individuals into the corresponding
self-body coordinates is required. Therefore, PPC activation
during the imagination of pain may reflect a transformation
processing of the pain imagined to the self-body-centered
coordinates. The role of the PPC in such a transformation is
well established (Anderson 1995; Andersen and others 1997).

ACC and Right Anterior Insula Activation during
imagination of Pain While Viewing Images

Showing Painful Evenits

First, the activations in the ACC (BA 24) during imagination of
pain are similar to those in previous imaging studies of pain
perception, whether pain is actually experienced (Rainville and



Fear — Rest

Figure 2. Brain activations in each contrast. Activated brain areas in each contrast: pain - rest, fear - rest, and pain - fear conditions. Pain - rest and pain - fear contrasts revealed
activations in the Sll region and PPC areas and in the affective components of the pain matrix such as the ACC, anterior insula, and cerebellum while viewing images showing painful
events. The fear - rest contrast revealed activations in the left amygdala and ACC. The brain region is superimposed with orthogonal sections (sagittal, coronal, and axial) of
a structural scan rendered in standard space, and the corresponding t-value is also shown in the color scale on the lower right side for each contrast. Uncorrected P < 0.001 was

adopted as the height threshold, and the extent threshold of 5 voxels was adopted.

others 1997; Singer and others 2004), visually perceived from
other's pain (Jackson and others 2005), hypnotically induced
(Derbyshire and others 2004), imagined by self's perspective
(Jackson and others 2006), or even induced by listening to pain-
evoking words, compared with listening to nonsense syllables
(Osaka and others 2004). This region is considered as a key
cortical area involved in the regulation of subjective feelings
of pain-related unpleasantness in humans and is particularly
associated with the cognitive values of pain (Bush and others
2000; Rainville 2002). Also, note that neurons that respond
specifically to painful stimulation have been identified using

intracortical electrode recordings in a very similar region as
the dorsal ACC (Hutchison and others 1999).

Second, we discuss whether anticipatory mechanisms were
involved in our findings because viewing images showing pain-
ful events or evoking fear may prompt the anticipation of pain
or fear in oneself. OQur results showed that dorsal ACC activa-
tions during the fear condition mostly overlapped with ACC
activations observed during the pain condition. It is well known
that the prefrontal cortex, anterior insula, and rostral ACC
are activated during the anticipation of pain (Ploghaus and
others 1999; Petrovic and others 2002; Porro and others 2002).
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Furthermore, the anticipation of emotionally aversive visual
stimuli activates the rostral ACC, anterior insula, dorsolateral
prefrontal cortex, and medial OFC (Simmons and others 2004;
Nitschke and others 2006); in particular, the medial OFC is
uniquely associated with the anticipation of aversive pictures, on
the other hand, the main areas activated both in anticipation and
in response to aversive pictures were amygdala, anterior insula,
and dorsal ACC (Nitschke and others 2006). In our results, we
failed to observe activations in the dorsolateral prefrontal cortex
and medial OFC in every contrast. Neither the subjects were
actually inflicted with a pain stimulus nor were they led to
believe that they will receive a pain stimulus during the course of
our experiment. Therefore, we consider that activations in the
dorsal ACC were positively associated with responses to aversive
stimuli rather than an anticipatory mechanism.

Third, the pain - rest and pain - fear contrasts revealed right
insula activation, particularly the anterior part, whereas the
fear - rest contrast did not show any increased insula activation.
Functional imaging studies consistently demonstrated pain-
related activations in the insula, and most studies are in-agree-
ment that pain-related activations are located in the anterior
parts of the insula, whereas tactile activations are distinctly
located more posteriorly. (Coghill and others 1994; Davis and
others 1998; Inui and others 2003). The anterior insula activity

" was dependent on the attention of painful stimulation and was -

significantly attenuated when subjects were distracted from
pain (Brooks and others 2002). The activation in the right
anterior insula correlates with the subjecnve intensity rating of
- painful thermal stimulation, whereas posterior insula activation
correlates with stimulus temperature (Craig and others 2000).

"The anticipation of pain -activates more the anterior insular °

regions, whereas the actual experience of pain activates more
. the posterior insula, which suggests that the former is associated
" -with affective dimensions, such as the anticipatory arousal and
anxiety of pain, and the Iatter is associated with the actual

sensory experience of pain (Ploghaus and others 1999). Anders °
and others (2004) reported that negative emotional valence

varied with insular activity. Our psychological ratings (SAM
. method) showed that the imagination of pain induces a
complete contrastive valence and arousal scores in comparison
with rest emotion, suggesting that the imagination of pain places
subjects in a significantly negative affective state.

Thus, our results support the model proposed by Craig (2000,
2003) that suggests the insula as an “interoceptive” cortex that
reflects the internal condition of pain, similar to temperature,

sensual touch, itch, hunger, or thirst. The activation in the right -

anterior msula during imagination of pain is in agreement with
the finding that only the right insula would serve to compute

a higher order “metarepresentation of the primary interocep- -

" tive activity,” which is related to the feeling of pain and its
emotional awareness (Craig 2003). The activation in the right
anterior insula is assumed to subserve subjective feelings of pain
Lmagmed while viewing images showing painful events. The
activations of both the insula dnd ACC in this study may cor-
respond to the snmultaneous generation of a feeling and an

".emotional monvauon because afferents also pro;ect to the ACC
via the medil dorsal thalamic nucleus to produce behavioral
drive (Craig 2000, 2003). -

'I'hc insula as well as the PPC and SII activations in the pain
condition tended to be stronger on the right side than on the
left. Canli and others (1998) using IAPS sho_wed ‘that negative

emouons are mostly represented in the nght hemisphere,
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whereas positive emotions are lateralized to the left hemi-
sphere. Brooks and others (2002) observed a right hemispheric
laterahzanon of nociceptive processing in the anterior insula
during a rating task of painful heat stimulation. Hari and others
(1997) also showed that the unpleasant nature of a pain
stimulus is associated with the right hemisphere predominance
of SI responses, thereby suggesting the involvement of the right
hemisphere in the emotional motivational aspects of pain pro-
cessing. In contrast, Schlereth and others (2003) reported a left
hemisphere predominance for the early sensory discriminative
aspects of pain processing using brain electrical source analysis
of laser-evoked potentials.

Amygdala Activation during Viewing Images

Evoking Fear

The amygdala is suggested to play a crucial role in the pro-
cessing of fear emotion (Calder and others 2001). The activation
of the left amygdala during the fear condition in this study is
consistent with its involvement in the processing of fear emo-
tion found in most studies in which subjects were presented
with images of human faces expressing fear (Breiter and others
1996; Morris and others 1998; Wright and others 2001). How-
ever, the notion that the amygdala is specific to fear-related
emotions seems to be questionable; an alternative interpreta-
tion would be that unspecific negative emotional states such
as fear, disgust, personal distress, and anxiety have a common
neuronal citcuitry. A number of studies have suggested that
negative emotions are related to not only activation in the ACC
but also activation in the amygdala (Irwin and others 1996

. Davidson 2002; Stark and others 2003).

s~

_ Conclusion

Imagination of pain while viewing images showing painful
events involves activations in the ACC (BA 24), right anterior
insula, cerebellum, SII regxon and PPC. Activations in the s
fegion and PPC were detected specifically during the imagina-

.tion -of pain compared with emotions -of fear. and rest. These

findings are in good agreement with the activation patterns

Cassociated with the perception of nociceptive stimulation.

These results suggest that the activations during the imagina-
tion of pain elicited by viewing images showing painful events
may be based on the cortical representations of the pain matrix

. in the human brain, which reflects the multidimensional nature
- of pain experience mcludmg sensory, affective, and cognitive

components.
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Abstract Lasers can selectively activate the nociceptors
of A-delta fibers. Since nociceptors in the skin are activated
via temperature conduction by the laser beam, a latency jit-
tering of cortical responses among trials would affect
results obtained with a conventional averaging (C-AVE)
technique. We therefore used a new method, latency-
adjusted averaging (L-AVE), to investigate cortical
responses to noxious laser stimulation in normal subjects.
L-AVE was done by averaging trials after adjusting the
latency so that the peak latency of an activity in the tempo-
" ral region of all trials matched on the time axis. Both in C-
AVE and in L-AVE, clear activations were found in the
contralateral primary somatosensory cortex (SI) and bilat-
eral parasylvian regions, whose activities peaked 163-
181 ms after the stimulation. In addition to these three main
activities, weak activities peaking at around 109-119 ms
could be identified in only L-AVE in similar cortical
regions. Since the direction of the source differed between
carly and main activities, we considered that the early weak
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activities were cancelled out by the later main activities
with an opposite orientation. The results suggested that
early cortical processing of noxious information occurs ear-
lier than previous neurophysiological studies have esti-
mated and that the temporal sequence of activations should
be reconsidered.

Keywords Magnetoencephalography - Pain -
Somatosensory -

Introduction

Functional neuroimaging studies using positron emission
tomography (PET) and functional magnetic resonance imag-
ing (fMRI) have provided unequivocal evidence of the par-
ticipation of the cerebral cortex, including the primary
somatosensory cortex (SI), secondary somatosensory cortex
(SII), and insula, in pain processing (Talbot etal. 1991;
Casey et al. 1994; Gelnar et al. 1999; Apkarian et al. 2000;
Qiu et al. 2006). In contrast to PET and fMRI, magnetoen-
cephalography (MEG) has excellent temporal resolution,
and can be used to investigate the temporal aspect of the
processing of information in the cortex. In previous MEG
studies, parasylvian regions were consistently activated by
noxious stimulation (Huttunen etal. 1986; Kakigi etal.
1995; Hari et al. 1997). In addition, recent studies found
activation in-SI following laser (Ploner et al. 1999; Kanda
et al. 2000; Timmermann et al. 2001; Nakata et al. 2004)
and intraepidermal electrical (Inui et al. 2002b, 2003a, b)
stimulation. Some studies found a parallel activation pattern

- of SI and SII (Ploner et al. 1999; Kanda et al. 2000; Tim-

mermann et al. 2001; Inui et al. 2002b; Nakata et al. 2004)
showing a similar onset latency between SI and SII activi-
ties, while others (Inui et al. 2003a, b) showed an early SI
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" activity prior to the main SII activity, implying serial pro-
cessing through SI and SII. In addition to MEG, laser-
evoked potentials (LEPs) have been used for the temporal
assessment of cortical pain processing. Although the SII
area was the major cortical region responsible for LEPs in

most studies (for review, see Apkarian et al. 2005), several

studies reported the involvement of the contralateral SI in
pain processing (Tarkka and Treede 1993; Schlereth et al.
2003; Ohara et al. 2004). Tarkka and Treede (1993) reported
that a N1 component at a latency of 160 ms was generated in
SI and SII, whereas others demonstrated an activity in the
contralateral SI helped to shape the N2 component (Schle-
reth et al. 2003; Ohara et al. 2004). Valeriani et al. (2000)
reported an early component with a peak latency of 83 ms
originating from SIH or the insular area, suggesting that the
opercular cortex is also involved in early processing. There-
fore, the temporal aspect of the processing of noxious infor-
mation in the cortex still remains to be elucidated.

A laser can activate nociceptors of thinly myelinated A-
delta fibers. without stimulating tactile afferents, and there-
fore is a good tool with which to investigate the nociceptive
system. However, since the skin’s nociceptors are activated
via temperature conduction by the laser beam, there is con-
siderable jitter in the latency of the activation of nocicep-
tors among trials (Bromm and Treede 1984), which is
problematic for studies using an averaging technique. The
main activations in SI and SII reported previously (Ploner
et al. 1999; Kanda et al. 2000; Timmermann et al. 2001;
Nakata et al. 2004) are less affected by latency jittering
because of their long duration. However, the possibility
cannot be excluded that some weak and short-lasting activi-
ties at an earlier latency were overlooked due to the prob-
lem of jittering in conventional averaging (C-AVE). In the
present study, we used latency-corrected averagmg to test
this possibility.

Methods
Subjects

The experiment was performed on nine healthy male volun-
teers, aged 2743 years (32.1 % 5.3). Informed consent was
obtained from all participants prior to the study, which was
- first épproved» by the Ethics Committee at our Institute. -

L.aser stimulation

A thulium:YAG laser stimulator (Carl Baasel Lasertech,
Stamberg, Germany) was used to elicit noxious stimuli.
Laser pulses ( 1 ms in duration, 2,000 nm in wavelength, and
3 mm in spot diameter) were delivered to the dorsum of the left
hand at an interval of between 8 and 12 5. The interstimulus
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interval of 8-12's was em;;loyed to avoid habituation of

evoked cortical responses (Raij et al. 2003). The irradiated
points were moved slightly for each stimulus to avoid tissue
damage and habituation of the receptors. The mean inten-
sity was 211 mJ, ranging from 200 to 250 mJ, with which a
painful sensation having a visual analysis score (VAS) of
around 7 was evoked in each subject. Since the laser stimu-
lator caused large magnetic artifacts, it was set outside the
shielded room, and the laser beam was conducted through
optical fibers, approximately 6.5 m in length, into the
shielded room. In order to maintain the distance between

- the laser outlet and the skin surface, the optical fiber was

attached to the MEG device and subjects were instructed to
attach the palm of the left hand to the table dunng the
recording.

MEG _recording

Laser-evoked magnetic fields (LEFs) were recorded with a
helmet-shaped 306-channel detector array (Vectorview;
ELEKTA Neuromag, Helsinki), which comprises 102 iden-
tical triple sensor elements, in a magnetically shielded
room. Each sensor element consists of two orthogonal pla-
nar gradiometers and one gradiometer magnetically cou-

.pled. to a multi-superconducting quantum interference

device (SQUID) and thus provides three independent mea-

,surements of the magnetic fields, though in this study,

results recorded from 204 planar gradiometers were ana-
lyzed. The signals were recorded with a 0.1-100 Hz band-
pass filter and digitized at a sampling rate of 900 Hz. The
period of analysis was 500 ms -including a prestimulus
period of 100 ms. Sixty trials followmg laser stlmulatlon
were recorded.

Prior to the recording, the exact locatlon of the head with.

respect to the sensors was found by measuring the magnetic
signals produced by currents leading to four indicator coils
placed at known sites on the scalp. The four indicator coils
attached to the subject’s head were measured with respect
to the three anatomical landmarks using a 3D digitizer. to

.allow alignment of the MEG and magnetic resonance (MR)
" image coordinate systems (3.0-T Siemens Allegra). The x-
axis was fixed with the preauricular points, the positive -

direction being to the right. The positive y-axis passed
through the nasion and the z-axis thus pointed upward. Cur-
rent was then fed to the indicator-coils and the resulting
magnetic fields were measured with the magnetometer,

which allowed for aligning the individual head coordinate -

system with the magnetometer coordinate system.
Averaging of trials

First, C-AVE using. the onset of the noxious stimulation
was done. In C-AVE waveforms, the largest response was
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- Fig. 2 Magnetic fields follow-
ing noxious laser stimulation ap-
plied to the dorsum of the left
hand. a Waveforms of evoked
magnetic fields obtained in con-
ventional averaging (C-AVE)
and latency-adjusted averaging
(L-AVE) were superimposed.
The upper right figures show en-
larged waveforms recorded from
a, b, and ¢. Arrows show the ear-
ly activities. b, d The time-vary-
ing source strength of cSI,
cPara8, and iParaS in C-AVE
(lower left) and L-AVE (lower
right), respectively. ¢ The loca-
tion and orientation of each
source are superimposed on the
MRI scans. ¢S/ contralateral pri-
mary somatosensory cortex,
cParasS contralateral parasylvian
region, iParas ipsilateral para-
sylvian region

were used to compute the time-varying multidipole model
allowing the strengths of the previously found ECDs to
change over the ‘entire period of analysis while the source
locations and orientations were kept fixed. The data acqui-
sition and analysis followed Hamalainen et al. ( 1993).
Second the poss1b111ty that there emerge addltlonal com-
ponents atan early latency in L-AVE was examined. When
a new deflection had a peak amplitude larger than the
baselme + 3 times the standard deviation (SD), we accepted
itasa s1gmﬁcant component. In the present study, the orset
latency of a component was defined as a latency point
where the amphtude first exceeded the baseline + 2 SD..

Data were expressed as the mean SD A palred t-test’

was used to compare the source’s locatlon and peak amph-

tude between the C-AVE and L-AVE A one-way analysis -

of . varlance (ANOVA) was used to compare the latency
among cortical sources. P values less than 0.05 were con-
s1dered to be 51gn1ﬁcant

) Springer

Results

After the application of our criteria, 27-35 (mean 30.7) tri-
als were included for L-AVE ineach subject, which corre-
sponded to 45-58% of the 60 trials used for C-AVE.

Figure 2a shows’ evoked magnetic fields recorded from
204 planar gradlometers in C-AVE (black lines) and L-AVE
(red lines). Both in C-AVE and L- -AVE, a clear and consis-
tent main component, which has been reported in previous
studies, was recorded in three cortical areas; the left (contra-
lateral) parietal region and bilateral temporal regions. An
ECD analysis and subsequent superposition of sources on
individual MR images revealed that ECDs responsible for
these three main components were located around the post-
central gyrus of the contralateral hemisphere and around the
upper bank of the Sylvian fissure or near the insular circular
sulcus of both hemispheres, corresponding to the contralat-
eral SI (cSI), contralateral parasylv1an region (cParaS) and
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usually recorded in the right (hemisphere contralateral to
the stimulated side) temporal area (Fig. 1A) at around 150-
200 ms after stimulation consistent with previous studies
(Kakigi et al. 1995; Ploner et al. 1999; Kanda et al. 2000;
Timmermann et al. 2001; Nakata et al. 2004). We selected

<« Fig. 1 Procedures followed for latency-adjusted averaging (L-AVE)

in a single subject. a Laser-evoked magnetic fields recorded from 204
planar coils and the SOI with the largest amplitude in the right tempo-
ral area. b, ¢ Superimposed waveforms of 60 trials of the SOI obtained
with a low-pass filter of 100 and 15 Hz, respectively. ¢ Waveforms in
red show the trials selected for L-AVE. d Selected trials were latency-
corrected. e Latency-adjusted trials with a bandpass of 0.1-100 Hz.
f Averaged waveform of selected trials after latency-adjustment. SO/
sensor of interest. Arrows indicate the early activity that appeared after
L-AVE

the channel with the largest amplitude around the temporal
region as a sensor of interest (SOI, Fig. 1A). The peak
latency of the SOI was determined in each subject and was
used for latency-adjusted averaging (L-AVE).

Second, L-AVE was done, in which each trial had been
latency-adjusted before the averaging. One problem with a
single-trial analysis is that the signal-to-noise ratio (5/N) is
very low for single epochs. Notably, high frequency noises
superimposed on the evoked response were problematic
when determining the peak of the response. After several
attempts, we found that a cutoff frequency of 15Hz is
appropriate for determination of the peak latency of the
main component. Therefore as a first step, MEG signals of
each trial were filtered with a low-pass of 15 Hz. Then we
used the SOI to select trials to include averaging (Fig. 1C).
That is, only the trials whose SOI had an unambiguous
peak within the range of the peak latency of the C-AVE
waveform £20 ms were selected by visual inspection (red
traces in Fig. 1C). Such a procedure has been shown to
improve S/N ratio of LEP components (Iannetti et al.
2003). Once trials to be included for L-AVE were deter-
mined, the original 0.1-100 Hz waveforms of the selected
trials were then latency-corrected (Fig. 1E), so that the
peak of the SOI matched on the time axis and averaged
(Fig. 1F).

Data analysis

First, the source of the main components in C-AVE and L-
AVE was estimated in order to know whether the quality of
L-AVE was changed as compared with C-AVE. The equiv-
alent current dipole (ECD), which best explains the mea-
sured data, was computed by using a least-squares search.
A subset of 1618 channels including the local signal max-
ima was used for the estimation of ECDs. These calcula-
tions gave the 3D location, orientation, and strength of the
ECD in a spherical conductor model, which was based on
each subject’s MR images to show the source location. The
goodness-of-fit (GOF) value of an ECD was calculated to
indicate in percentage terms how much the dipole accounts
for the measured field variance. Only ECDs explaining
more than 85% of the field variance at selected periods of
time were used for further analysis. Finally, all channels
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ipsilateral parasylvian region (iParaS), respectively. This
three-source model is compatible with previous laser-
evoked MEG studies (Ploner et al. 1999; Kanda et al. 2000;
Timmermann et al. 2001; Nakata et al. 2004). The location
of each cortical activity is shown in Table 1. The location of
each source in L-AVE did not differ significantly from that
in C-AVE (Fig. 2C). The GOF for the ¢SI (94.7 + 3.7) and
cParaS (97.1 & 2.7) sources was significantly larger in L-
AVE than-in C-AVE (91.1 5.0 and 94.9 + 4.6, respec-
tively). The GOF for the iPara$S showed no significant differ-
ence between C-AVE (95.8 + 2.9) and L-AVE (94.6 =+ 1.6)
(P =0.25). The onset and peak latency of the main deflec-
tion in the three cortical areas did not differ significantly
between C-AVE and L-AVE (Table 2). In both C-AVE and
L-AVE, the onset or peak latency for iParaS was signifi-
cantly longer than that for cSI or cParaS. The onset latency
did not differ between cSI and cPara$ (Table 2). The time-
varying source strength in each region is shown in Fig. 2B,

D. The peak amplitude of the three main activities was sig- -

nificantly greater in L-AVE than in C-AVE (Table 3). ECD
locations of these three regions showed no significant differ-

ence between C-AVE and L-AVE, indicating that the new
- method, L-AVE, was reliable.

In addition to the main activities, early deflections were

* identified in the contralateral parietal region and both tem-

poral regions in both C-AVE and L-AVE (Fig. 2A) How-
ever, early deflections in C-AVE were very weak and
usually didnot meet our criteria for a significant deflection.
By contrast, such deflections were identified more clearly in
L-AVE. In C-AVE significant early deflections were iden-
tified in four subjects for cSI, four subjects for cPara$S, and
three subjects for iParaS. After the L-AVE, significant early
deflections were identified in seven subjects for cSI, in
seven subjects for cPara$, and in five subjects for iParaS.

Table1 The mean location of each source for C-AVE and L-AVE

x (mm) y(mm) z(mm)
C-AVE -
cSI - "27.8+97 119£183 1074+117
cPara$ 522£75 334+65 - 640102
iPara$ -533+44 213+41 713481
L-AVE :
¢SI - . 276+123 140175 ‘1077113
cParaS ©T 540497 316+81  636+70
iParaS 53047 212450 721477
Ealy-cSI(=3). 300114 108193 1107+66
Early-cParaS (n=5) 529494 241137 629+54
'Earxy-ipa:‘hsm’4) -533*53 '136:1:118 67.8+102

The x-axis passed through the preauncular points, the positive direc-
tion pointing to the right. The positive y-axis traversed the nasion. The
positive z-axis pomted up. The location of each source did not dlﬂ'er be-
tween C-AVE and L:AVE’ ' .

Usually significant deflections at early latencies were

- detected in three distinct areas; the contralateral parietal

region and both temporal regions, which were almost iden-
tical to the locations for the three main components m C-
AVE (Fig. 3).

Figure 4 shows L-AVE waveforms of three channels
respectively selected from the contralateral parietal region
and bilateral temporal regions, in which the early and major
deflections had the largest amplitude in all subjects (a) and
ground-averaged waveforms (b). Figure 5 shows the wave-
form of the SOI and root mean square (RMS) of all sub-

‘jects. For early deflections, a one-way ANOVA showed no

significant difference in the onset and peak latencies among
the three activities (P = 0.48), although the onset latency of
cParaS tended to be shorter than that for cSI or iParaS

"(Table 2). The ECD of the early deflections could be esti-

mated in three subjects for cSI, in five subjects for cParaS,
and in four subjects for iParaS. In these samples, there was
no consistent difference in the location of the source
between the early and main activities (Table 1 and Fig. 6).

Discussion

In the present study, we found that three main activities
originating from the contralateral SI and bilateral parasyl-"
vian regions and peaking at around 160-180 ms were
reépOn'sible for laser-evoked magnetic fields. Both the loca-
tions and response latencies of the activities-were consnstent
with previous MEG studies (Ploner et al. 1999; Kanda et al.
2000; Timmermann etal. 2001; Nakata et al. 2004), in
which these activities have usually been considered the pri-
mary cortical response. However, in addition to these main
activitiés, L-AVE in the present study revealed the presence
of early activities in these three cortical areas péaking at
110-120 ms, indicating that the cortical *processing of
information on pain took place earlier than previously con-
sidered. Since the early component had an opposite direc-
tion to ‘that of the main component, the early component is
considered to be a discrete component but is not a part of
the rain component. The onset latencies (88-105 ms) of
the early activities appear to be appropriate for the earliest
cortical activity given a peripheral conduction velocity of
15 ms/s (Inui et al. 2002a, b) in A-delta fibers and 10-20 m/s
in the spinal cord (Kakigi arid Shibasaki 1991; Cruccu et al.
2000; Tsuji et al. 2006). Traveling at 15 m/s, it would take
roughly 80 ms to move from the hand to the cortex
(120 cm) :

Methodological considerations

Before -discussing the findings of L-AVE, we should-
consider the possibility that the early activitiés -detected

@ Springer
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Table 2 The onset and peak latency of early and main deflections in L-AVE and C-AVE (ms)

L-AVE C-AVE _
Early deflection - Main deflection Early deflection Main deflection
Onset Peak Onset ~ Peak Onset Peak "Onset Peak
ST . 10474168 1187+190 1367 135% 1693164 1040161 1143+154 1346 161% 168.1+178
cParaS  88.1+£204 1090+129 1360+11.8* 163.0+11.8* 843+130 983449 131L1+11.2% 1639+ 14.3*
iParaS 9404 17.1 1118+ 11.6 15214144 180.7.£ 13.3 89.0+235 1150+11.1 153.0k+ 145 181.3 +13.3 .

The number of subjects who showed a significant early deflection was seven, seven, and five in L-AVE, and four, four and three in C-AVE for cSI, .

cPara$, and iPara$, respectively

¢S contralateral primary somatosensory cortex, cParaS and iParaS contralateral and rpsrlateral parasylvian regrons respectively

* P <.0.05, compared with iParaS (Fisher’s PLSD procedure)

Table 3 The peak amplitude of early and main deflections in L-AVE and C-AVE (nAm)

L-AVE C-AVE

Early deflection |, Main deflection ‘Early deflection Main deflection -
cSI . . =353%98 93.7 + 31.7% —296+32 70.4 +23.1
cParaS 51.6+21.8 —139.8 £ 33.9* 382+ 17 6 —89.5+19.8 -
iParaS 434+ 18.1 —107.2 £ 17.2* 409:!:85 —833:!:153

The number of subjects who showed a significant early deflection was seven, seven, and five in L-AVE, and four, four, and three in C-AVE for

¢S, cPara$, and iPara$, respectively

¢S] contralateral primary somatosensory cortex, cParaSand iParas$ contralateral and ipsilateral parasylvran regrons, respectively

*AP < (_).01 rcompa.red with the mam deﬂectron inC-AVE (paired ¢-test)

wrth L—AVE were artificial. We could exclude this possibil-
ity based on the following. () Ina few subjects, there were
significant early deflections prior ,to the main deflections
even in the C-AVE waveforms though they were low in
amplitude as compared to the main deflections. (2)
Although we used the peak latency of the main component
for the adjustrng, the L-AVE technique made both the early
and main deflections clearer as compared to C- AVE. (3)
Although we selected the sensors with the largest amplitude

around the t'emporal area as SOIs and used them for adjust- '

ing the latency of each trial, the quality of the data from SI
‘as well as the cPara$ region was improved Since the early
activity was low in amplitude and had the opposite orienta-
tion to that of the main activity, we considered that it was
easrly cancelled out by the main activity in the: C-AVE pro-
cess. .

'Co_rt'ical,activations;in SIand the parasylvlan regions

In ,C-fAVE, main activities were found to originate from SI
_ and the parasylvian regions, confirming previous findings
(Ploner et al. 1999; Kanda et al. 2000; Timmermann et al.
2001; Inui etal. 2002b; Nakata etal. 2004). The peak
latency of the activity, 160-180 ms, was consistent with
results of previous MEG studies using laser stimulation
(Ploner et al. 1999; Kanda et al. 2000; Timmermann et al.
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2001; Nakata et al. 2004). In addition; the simultaneous

activation of SI and cParaS and significantly later activation

of iParaS were consistent with a recent MEG study (Ploner .

et al. 1999). The involvement of these cortical areas in pain
processing has also been demonstrated in PET (Talbot et al.
1991; Casey etal. 1994) and fMRI studies- (Gelnar et al.
1999; Apkarian et al. 2000).-

However, only two papers have described the ear]y
activity prior to the main activity in SI (Inui et al. 2003a, b).
The early act1v1ty identified in the contralateral SI area in
the present study seems to correspond to that described by
Inui ét al. (2003a), who showed that the onset latency of the

_ early ST activity (80 ms) following ‘a noxious epidermal -

electrical stimulation was shorter by 29 ms than that for the
main parasylvian activity (109 ms). Therefore, the temporal

-relationship between the early SI and the main parasylvian

activities was very similar to the present results showing a
latency delay of 31 ms, For the latter, the slightly longer

onset latency (105 ms) of the early SI activity in the present -

study might be due to the temperature conduction time for
laser stimulation.

As for the early act1v1ty in the parasylvran regron, there
are two studies that reported its presence. Valeriani et al

(2000) reported an early positive component (eP) in the '

contralateral parasylvran region with a peak latency of
83 ms that preceded the N1 negatrvrty Since they used a
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Fig. 3 Laser-evoked magnetic
fields recorded from 204 planar
coils in. L-AVE in a single sub-
ject. The waveform in grey de-

notes that a significant early

ponent is detected in this chan-
nel. Arrows and asterisks
indicate the early and main
deflection, respectively, with the
largest amplitude in three areas
around the contralateral parietal
region and bilateral parasylvian
regions. Significant early deflec-
tions are detected in the three
cortical areas indicated by
circles

g
. ——
deflection prior to the main com- : T e —— —~—
———
w\ e

Fig. 4 a Superimposed wave-
forms of evoked magnetic fields
of all subjects recorded form
three channels, in which the
main components showed the
largest amplitude in the contra-
lateral parietal region and bilat-
eral temporal regions,
respectively. b Group-averaged
waveforms. Shaded areas depict
+SE. Arrows show the mean
peak latency.of the early
responses

'COZ laser and we used a YAG laser to elicit pam-related

potentlals, it is difficult to directly compare the early com-
ponent between their study and the present study. However, -
the early deflection in the parasylvian region in the present
study might correspond to the eP. of Valeriani et al; (2000).

‘In both studies, the early component precedmg the N1 .com- i
ponent had a small amplitude and an opposite orientation to'

that of the N1 component In another study using 1ntracra-
nial recordings, Frot et al. (1999) demonstrated an early

' negatrve response at a latency of 135 ms in the parasylvran

reglon, followed by a positive -tesponse peaking around
170 ms, which seems to correspond to the present early and

‘main polanty-reversed activities.

. As for the latency. difference of the parasylvian acttvrty

X between hennspheres the 17-ms delay for the ipsilateral’
' °response of the main component in the present study was con-
" . sistent with tesults of the intracranial recording study by Frot

et al. (1999). In the study by Frot et al. (1999) a similar time

@ Springer
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SOl

Fig. 5 The waveform of the SOI and RMS of nine subjects in C-AVE
and L-AVE. SO/ sensor of interest. RMS root mean square. Arrows
indicate the early activity

lag was also found for the early component (15 ms). In the
present study however, the latency of the early component did
not differ significantly among the three cortical areas. This

Fig. 6 Source locations of early
and main activities in a represen-
tative subject. The locations
were almost the same, but the di-
pole’s direction was opposite

@ Springer

discrepancy was probably due to the low S/N ratio of the early
component or the small sample of data in the present study.
The precise anatomical location of the early parasylvian
activity was not clear like the main activity in this region.
The location of nociceptive cortical areas around the sylvian
fissure is still a matter of controversy. It has been difficult to
determine whether the nociceptive area is situated within the
classic SII (parietal operculum) or within an adjacent
somatosensory area such as the frontoparietal operculum or
insula. Many previous studies have shown that noxious stim-
uli activate at least one cortical area around the sylvian
region other than SII. For example, fMRI (Bingel et al. 2003;
Brooks et al. 2005; Iannetti et al. 2005) and intracranial EEG
(Lenz et al. 2000; Frot and Mauguiere 2003) studies found
activation in the posterior insula following noxious stimula-
tion. Our previous studies also showed that activity from the
insula may contribute to the major MEG signals evoked by
noxious stimuli (Inui et al. 2003a; Wang et al. 2004). In the
present study, the dipole was estimated to be located in the
upper bank of the sylvian fissure in some cases but deeper
around the circular sulcus in others. Therefore, we consider
that activation in the sylvian region in this study may be a
summation of activities from SII and adjacent areas. With
regard to the early parasylvian activity, a reliable estimation
of its source could not be obtained in some subjects because
of the low S/N ratio. However, the sources of the early
deflections were estimated to lie around the bilateral parasyl-
vian region in the other subjects with a GOF of more than
85%. These findings suggested that the early components
originated from similar regions to the main activities.

Temporal sequence of activation

The present results showing the simultaneous onset of the
main SI and contralateral parasylvian activities are consis-
tent with recent MEG studies (Ploner et al. 1999). These find-
ings support the notion of a parallel mode of pain processing
between the SI and parasylvian region. However, the tem-
poral sequence of cortical activation should be reconsidered
because of the presence of earlier activities. Our results
suggested that early cortical processing of noxious informa-
tion occurs earlier than previous neurophysiological studies
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have estimated. As for the early component, our results did
not find a significant difference in latency among the three
cortical areas. However, this could be due to the small num-
ber of subjects, or due to the low S/N ratio of these activi-
ties. The slightly shorter latency of the contralateral
parasylvian source compared to the other two sources
might suggest the dominance of the contralateral parasyl-
vian region in the early processing of noxious information.
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