Pain Rating

First, we compared pain ratings among the control (IES) and 11 IES + TS
conditions to examine whether and how the conditioning tactile stimuli
affect the intensity of the perceived pain sensation. The stimuli of twelve
conditions were presented randomly at an interval of ~5 s and subjects
assessed the intensity of the pain of each stimulus based on VAS (0-100).
Ten trials were performed for each condition and the mean value was
used for the analysis.

MEG Recording and Analysis

Because of the long experiment time, the MEG experiment was
separated into two sessions. IES + TS conditions with CTIs of 40 to
500 ms were examined in the first session, and IES + TS conditions with
CTIs of 500 to -60 ms in the second session. Therefore, there were nine
conditions in the first session: control IES, control TS and seven IES + TS
conditions with CTIs of 40, -20, 0, 50, 100, 300 and 500 ms. In the
second session, there were six conditions: control IES, control TS
and four IES + TS conditions with CTIs of -500, -300, -100 and -60 ms.
The two sessions were performed on different days. Somatosensory
evoked magnetic fields (SEFs) were recorded using a dual 37-channel
axial-type first-order biomagnetometer (Magnes, Biomagnetic Technol-
ogies, San Diego, CA) as described previously (Kakigi et al, 2000).
The probes were centered on the C3 and C4 positions as based on
the International 10/20 System. The SEFs were recorded with a filter of
0.1-200 Hz at a sampling rate of 1048 Hz, and then filtered offline
with a bandpass of 0.5-150 Hz. Sweeps were triggered by the
conditioning stimulus (TS) in the first session and by the test stimulus
(IES) in the second session. The window of analysis was from 150 ms
before to 800 ms after the conditioning stirulus, and the prestimulus
period was used as the DC baseline. The stimuli of various conditions
were presented randomly at an interval of 3-5 s. For each condition, 50
artifact-free trials were collected. Throughout the MEG experiment,
subjects were instructed to look at a fixation point presented 1m in
front of them.

Since magnetic fields recorded in the IES +TS conditions were a
mixture of TS- and IES-evoked responses, we subtracted the control TS-
induced response from the response recorded in the IES + TS conditions
to obtain the actual IES-evoked response. Then we calculated the root
mean square (RMS) across all 74 channels of the subtracted waveform to
compare the amplitude of the IES-evoked response among conditions.
This method is easy to perform and the results are easy to understand.
This method is based on the assumption that the TS-evoked response
is not influenced by concomitant IES. However, in some IES + TS
conditions, the TS-evoked cortical response was substantially affected
by a preceding IES as will be described below. Therefore, we then
calculated how the TS- and IES-evoked responses explain the waveforms
of the IES + TS conditions using a least squares fit. Since the waveform
for a IES + TS condition is the sum of the waveforms of IES and TS with
various ratios, it can be expressed as

FUES+TS) = ax f(TS)+ bx f(IES), 0<a,b<1

where agand b are coefficients for TS and IES, respectively. The values of
aand b indicate to what extent TS and IES contribute to the activity in
the IES + TS conditions. When « is much larger than b, TS contributes to
the waveform much more than IES, and vice versa. To obtain the best
explanation of fIES + TS), coefficients a and b must minimize the sum
difference square,

3 (IES +TS, -aTS, ~bIES,)?
i=1

where IES + TS, are values for an IES + TS condition, TS, are values for TS,
and IES; are values for IES. For example, by applying data at a latency
point of 110 ms (peak latency) after TS for the IES + TS ~40 ms condition
in Figure 7, we obtained the following formula and calculated a and
b to minimize its number:

12952124 +1080948b° - 22491224~ 1779640b + 2045030ab + 1060634
By solving this problem, we get @ = 0.86 and & = 0.007, which indicate

that the IES-evoked response does not contribute to the waveform of
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the IES + TS <40 ms condition at this latency point. By using this method,
we could assess whether and how the control IES-evoked responses
were changed in IES + TS conditions without being affected by changes
of the conditioning stimulus-evoked response.

Data were expressed as the mean * standard deviation. Differences of
values among conditions were assessed with a one-way analysis of
variance (ANOVA). Pvalues of < 0.05 were considered significant.

Results

Pain rating

The mean pain rating for the control condition (IES alone) was
443+ 9.3. The respective values for 11 paired stimuli conditions
(IES + T'S) with CTTs of -500, -300, -100, -60, -40, -20, 0, 50, 100,
300 and 500 ms were 43.1 £ 7.7,42.5 £ 8.2,39.7 £ 85,374 9.5,
127+72,11.1£63,13.7%6.8,168+79,23.6+£9.0,29.1+11.3
and 334 * 13.9. Therefore, the pain rating was highest for the
control condition and lowest for the IES + TS -20 ms condition.
The difference among the twelve conditions was significant
[F(1,11) = 18.3, P < 0.0001].

MEG Experiment

The mean onset latency of TS-induced magnetic fields (control
TS) was 51.4 * 7.2 ms for the first session and 49.2 + 6.2 ms for
the second session. The mean onset latency of IES-induced
magnetic fields was 89.5 + 154 ms for the first session and
87.5 + 10.6 ms for the second session. The mean difference in
onset latency between TS and IES was 38.1 ms (ranging from
16.2 to 59.5 ms) for the first session and 38.3 ms (from 18.2 to
54.8) in the second session. In all subjects, the field distribu-
tion of the waveform recorded from the left hemisphere
(contralateral to the stimulus) following IES at the peak
latency showed a single dipole pattern originating from the
upper bank or bottom of the sylvian fissure corresponding to
the secondary somatosensory cortex (SII)/insula region, or
a two-dipole pattern originating from SII/insula and the
primary somatosensory cortex (8I), similar to the results in
our previous study following stimulation of the hand (Inui
et al, 2002b). In the right hemisphere (ipsilateral to the
stimulus), clear magnetic fields were recorded in six subjects
and the field distribution showed a single dipole pattern
generated by activity from the SI/insula region. Figure 1
shows representative results in the first session. The nine
traces in Figure 1A show recorded waveforms in each
condition, and the seven traces in Figure 18 show the wave-
forms obtained by a subtraction of the control TS waveform
from the waveform for each of the seven IES + TS conditions.
The result of the subtraction clearly showed that cortical
responses to IES were markedly attenuated when TS was
applied at CTls of 40, -20, 0 and 50 ms, moderately attenuated
at 100 ms and slightly attenuated at 300 and 500 ms. Figures 2
and 3 show the mean time course of the amplitude of the
recorded and subtracted waveforms represented as the root
mean square (RMS) of all subjects. The mean peak amplitudes
of the subtracted waveform of the IES + TS -500, -300, -100,-60,
-40, -20, 0, 50, 100, 300 and 500 ms conditions were 100.3 £ 7.1,
100.0 + 12.2, 999 £ 12.8, 76.8 + 214, 345 £ 19.6, 20.2+127,
234+11.3,35.9%16.5,45.0£27.2,68.6+27.0and 71.0 £ 26.5% of
the control response, respectively. The difference among the 11
conditions was significant [F(1,11)=27.4, P <0.0001}]. There was
a significant linear correlation between the peak amplitude and
pain rating (Fig. 4, r=0.76, P < 0.0001).
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Figure 1. Effects of innocuous somatosensory stimulation on magnetic fields evoked by noxious simulation. {4} Recorded magnetic fields evoked by innocuous stimulation alone
{control TS}, noxious stimulation alone (control IES) and paired innocuous and noxious stimulations (IES + TS) applied to the back at various CTls in a single subject {subject 1}.
Traces are superimposed waveforms recorded from 74 channels. (B) Waveforms abtained by subtraction of the control TS-evoked response from the recorded waveforms in each
condition. Filled triangles indicate timing of IES. A sharp component in the subtracted waveform shown by an asterisk indicates that the IES-evoked respanse occurs earlier than the

TS-evoked response in this condition.

Since signals evoked by TS reach the spinal cord ~5 ms
earlier than signals evoked by IES due to a difference of
peripheral conduction velocity between A-beta and A-delta
fibers (see Materials and Methods), signals evoked by IES reach
the spinal cord earlier than those due to TS in the IES + TS
conditions with negative CTIs >-20 ms. Therefore, data for
these IES + TS conditions are important to establishing the
level in the central nervous system at which this inhibition
occurs. As Figures 1 and 2 show, cortical responses to IES were
almost abolished in the IES + TS -20 ms condition, indicating
that the inhibition in this coadition occurred at a level higher
than the spinal cord. In the IES + TS 40 and -60 ms conditions
in Figures 1-3, there was a sharp component around 100 ms

after IES shown by an asterisk in the subtracted waveform,
which indicated that the IES-induced cortical responses
occurred earlier than the TS-induced responses in these
conditions, and in addition, large parts of the later IES-evoked
responses were almost abolished. Figure 5 shows the differ-
ence of waveform in the IES + TS ~40 ms condition in detail.
The waveform for the IES + TS -40 ms condition was very
similar to that of the control TS, suggesting that the cortical
response to TS changed little even when signals due to IES
reached the cortex slightly early, and that on the other hand,
IES-evoked responses were remarkably attenuated by later
arriving TS-evoked signals. In Figure 6, waveforms in the
IES + TS -40 ms condition of all subjects are shown.
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Figure 2. Group-averaged waveforms of the root mean square in the first session with seven IES -+ TS conditions at a CTl of —40 to 500 ms. Traces are the group-averaged time
course of the amplitude of recorded {4) and subtracted (B) waveforms represented as the root mean square across 74 channels. In this and the next figure, shaded areas indicate

+1 SE width.

Next, we calculated how the control TS- and IES-evoked
responses explained the waveforms of the IES + TS conditions
using a least squares fit. Results from a single subject in Figure 7
showed that the waveform for the IES + TS 40 ms condition was
well explained by the TS-evoked response alone except at
alatency period ~50 ms after TS (90 ms after IES) where the IES-
evoked response was dominant as shown by an asterisk. The
time course of the coefficient b for the IES-evoked response was
very similar to that of the subtracted waveform at a latency of
40-300 ms, which indicated the reliability of the subtraction
method in this condition. Figure 8 depicts group-averaged
values of coefficients @ and b as functions of time among all
subjects. Among the 11 IES + TS conditions, signals due to IES
reach the cortex earlier than those due to TS in the -500 to
40 ms conditions, while signals due to TS reach the cortex
earlier in the -20 to 500 ms conditions. Therefore, Figure 84,8
compares the effects of later arriving TS signals on the IES-
evoked response and effects of later arriving IES signals on the
TS-evoked response. On the other hand, Figure 8C,D compares
the effects of preceding TS signals on the IES-evoked response
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and effects of preceding IES signals on the TS-evoked response.
It is obvious from Figure 8B that later arriving IES signals had
almost no effect on the TS-evoked response, while in marked
contrast, the IES-evoked responses were strongly inhibited by
later arriving TS signals (Fig. 84). In Figure 84, waveforms of
coefficient b for IES in the —40, -60 and -100 ms conditions
started to deviate from that of the -300 or -500 ms condition,
which could be considered as a control, at ~110, 130 and 170 ms
after the stimulus, indicating clearly that the IES-evoked
responses in these conditions were actively inhibited by later
arriving TS signals with a similar timing. In each of the three
conditions, the onset latency of the inhibition corresponded
approximately to the onset latency of the TS-evoked response
plus 20 ms. For example, in the -60 ms condition, the onset
latency of the TS-evoked cortical response was expected to be
at 110 ms after IES, which was shorter by 20 ms than the latency
at which the inhibition started in this condition (130 ms). When
the strength of the actual IES-evoked response in each
condition was expressed as the area under the curve (AUC,
coefficient b x ms) during 50-300 ms, the AUCs for the -300,
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Figure 3. Group-averaged waveforms of the root mean square in the second session with four IES + TS conditions at a CTl of —500 to —60 ms.
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Figure 4. Correlation between the pain rating and peak amplitude of IES-induced
cortical response. Data of all stimulus conditions for all subjects are plotted.
Amplitudes of magnetic response are represented as a percentage of the control
(IES) response. A regression line is indicated.

-100, -60 and -40 ms conditions were 103.9, 78.1, 46.5 and
22.2% of that in the -500 ms condition, respectively (Fig. 9).
In the -500 ms condition, the IES-evoked response during 50-
300 ms was not affected by TS at all, and therefore could be
considered as a control. The AUCs for the TS-evoked response
in the -20, 0, 50, 100 and 300 ms condition were 99.0, 974,
94.1, 103.0 and 93.1% of that in the 500 ms condition (control).

Figure 8C,D shows that preceding TS signals as well as
preceding IES signals inhibited the IES- and TS-evoked re-
sponses, respectively. The AUCs for the IES-evoked response
in the -20, 0, 50, 100, 300 and 500 ms conditions were 18.3, 15.4,

17.2, 31.6, 40.0 and 30.7% of the control value (-500ms),
suggesting that the inhibition continued up to the CTI 500 ms
condition. The AUCs for the TS-evoked response in the -500,
-300,-100, -60 and <40 ms conditions were 57.5, 69.0, 57.8, 78.2
and 99.1% of the control value. Therefore, the inhibition of the
TS-evoked response was not present when the IES- and TS-
evoked signals reached the cortex simultaneously (<40 ms
condition), appeared when the IES-evoked signals reached the
cortex 20 ms earlier than the TS-evoked signals (-60 ms
condition) and was strongest when the IES-evoked signals
reached the cortex earlier than those due to TS by 60 ms
(-100 ms condition). When the degree of the inhibition in these
conditions was compared between the TS- and IES-evoked
responses, it was significantly stronger for the TS-induced
inhibition of the IES-evoked response than the IES-induced
inhibition of the TS-evoked response (#test, P < 0.0001). Like
the peak amplitude in the RMS analysis, there was a linear
correlation between the pain rating and AUC for I[ES-evoekd
responses (P < 0.0001, »= 0.63). Figure 9 shows the percentage
AUC relative to the control for the TS- and IES-evoked response
in all conditions.

Discussion

This is the first report to show tactile-induced pain inhibition
at the cortical level. A previous paper from our laboratory
(Kakigi and Watanabe, 1996) examined effects of tactile stimuli
applied to the fingers on vertex potentials evoked by laser
beams applied to the dorsum of the same hand. No effects
were found when a stroke by a soft wad of tissue paper was
used as a tactile stimulus, while laser-evoked potentials were
significantly inhibited when continuous vibrotactile stimuli
(500 Hz) was used. The results suggest that the timing of
the conditioning stimulus is important to its inhibitory effects
on pain-evoked brain responses as the present study showed.
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Figure 5. Inhibition of the IES-evoked response by TS delivered 40 ms later than IES.
Waveforms recorded by two probes (contralateral and ipsilateral hemispheres) are
separately shown in this figure. Open and filled triangles indicate timing of TS and IES,
respectively. Note that waveforms recorded from both hemispheres are very similar
between the TS and IES + TS conditions in both subjects except that waveforms in
the IES + TS condition have activity due to [ES at the very beginning of the evoked
component as shown by an asterisk.

It is probable that the failure to find an inhibitory effect of a
stroke of the fingers on laser-evoked potentials was due to the
non-time-locked conditioning stimuli. An important technical
issue of the present study was the use of an intra-epidermal
electrical stimulation (IES) method that could selectively
activate A-delta fibers with constant activation timing in each
trial, and therefore enabled us to study interactions between
two different modalities with precise timing. In previous
studies, we confirmed that signals evoked by IES are conveyed
through peripheral A-delta fibers at a conduction velocity of
~15 m/s (Inui et al, 2002ab). In this study, the latency
difference of ‘evoked cortical activity between TS and IES
was ~38 ms, which was almost consistent with the estimated
latency difference based on the reported conduction velocities
of peripheral A-beta and A-delta signals in the human spinal
cord. The sharp pricking sensations without any tactile
sensations evoked by IES also support that IES activates A-delta
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fibers selectively. Furthermore, the present result itself showed
that IES selectively stimulates A-delta fibers. If IES activates
A-beta and A-delta fibers simultaneously (ie. CTI = 0 ms),
the responses evoked should be similar in latency to those
evoked by TS.

As possible mechanisms underlying pain relief by vibrotactile
stimulations, those operating at the periphery (Campbell and
Taub, 1973), dorsal horn of the spinal cord (Melzack and Wall,
1965) and other regions of the central nervous system (Melzack,
1971) have been postulated. In the major hypothetical mech-
anisms at the spinal level, it has been suggested that a ‘gate
control’ mechanism exists in the dorsal horn of the spinal cord,
where signals through large diameter fibers are said to inhibit
the central transmission of signals through small diameter fibers
(Melzack and Wall, 1965). In the present study, noxious stimuli-
induced cortical responses were equally inhibited by simulta-
neous (CT1 0 ms) and delayed (CTI -40 and -20 ms) innocuous
stimulations, excluding the possibility of peripheral mecha-
nisms. The findings of a substantial inhibition of the IES-induced
response in the IES + TS conditions with a negative CTI of
>-20 ms suggest that the inhibition occurs without any
contribution at the spinal level, including descending inhibitory
actions on spinal neurons, at least in these conditions because
signals evoked by IES reach the spinal cord earlier than those
evoked by TS. The findings in the IES + TS -100 to ~40 ms con-
ditions indicate that the inhibition occurs at the cortical level.
Although our results could not clarify the extent to which the
spinal mechanisms contributed to the inhibition in the IES + TS
0 to 500 ms conditions, the powerful inhibition in the
IES + TS 40 ms and IES + TS -20 ms conditions and the low
pain rating for the IES + TS -20 ms condition imply that any
inhibitory action at the spinal cord is weak. This notion is
consistent with the fact that, in general, repetitive and high
intensity stimulations of a peripheral nerve, which activate both
A-beta and A-delta fibers, are required to suppress noxious
stimuli-evoked responses in the dorsal horn neurons in animal
studies (Cervero et al, 1976, Chung et al., 1984; Lee et al., 1985).
Whitehorn and Burgess (1973) showed that primary afferent
terminals of a particular sensory fiber type are depolarized by
activity arising in fibers of the same type. Similar findings were
reported by Brown and Hayden (1972). Therefore, inhibition of
the nociceptive neurons in the dorsal horn by repetitive
stimulation of a peripheral nerve at noxious intensities or by
applying intense mechanical stimuli to the skin seems to be
largely due to presynaptic inhibition by A-delta or C fiber inputs
rather than A-beta fibers. The notion that nociceptive neurons in
the dorsal horn cannot be easily suppressed by signals from low-
threshold mechanoreceptors is supported by the findings of
Manfredi (1970) and Pomeranz (1973), who examined post-
synaptic activity of the dorsal horn neurons in the lateral tract in
cats and found no inhibitory effects of A-beta fiber inputs. The
fact that stimulation of C-fibers generates a primary afferent
depolarization but not a primary afferent hyperpolarization in
the spinal cord (Zimmermann, 1968) also does not support the
gate control theory.

Since the main component of the evoked magnetic fields
in the present study originated mainly from SII and SI, and since
SI and SII were sequentially activated by IES in our previous
study (Inui er al, 2003ab), the inhibitory action should take
place in SI neurons or in both SI and SII neurons. Several lines of
evidence show that SI nociceptive neurons play a role in the
discriminative aspect of pain (Kenshalo and Willis, 1991;
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Figure 6. Waveforms in the IES -+ TS —40 ms condition of six subjects. Note that the waveform in the IES -+ TS condition is similar to the waveform in the control TS condition.

Waveforms of three other subjects in this condition are shown in Figures 1, 5 and 7.

Bushnell et al, 1999). Since the IES-evoked later components,
which originated from the insular cortex, medial temporal area
around the amygdala or hippocampus and cingulate cortex
(Inui et al, 2003a), were attenuated as well as the main early
component in this study, there might be direct inhibitory
actions on these areas independent of those on SI and SIL
The origin of the inhibitory action is unclear from the present
results, but TS-driven thalamic and cortical activities are
candidates. The present study suggests that activation of the
tactile pathway at a certain level higher than that in the spinal
cord can inhibit cortical responses to noxious stimuli. In the
major tactile pathway, the dorsal column is known to alleviate
chronic pain when electrically stimulated (Shealy et al, 1970).
In addition, behavioral responses to noxious stimuli in rats
(Saadé et al, 19806) as well as experimentally evoked pain in
humans (Marchand et al, 1991) are reduced by stimulation of
the dorsal column. Although the mechanisms responsible for

pain inhibition on stimulation of the dorsal column are still
unclear, the nociceptive thalamus-SI pathway might be modu-
lated. Larson et al (1974) showed that evoked potentials
recorded in human somatosensory cortex, and those recorded
in monkey ventroposterior lateral nucleus (VPL) of the thala-
mus and sensorimotor cortex are attenuated by stimulation
of the dorsal column. Bantli ef al (1975) examined the effects
stimulating the dorsal column on the cortical responses to
stimulation of the ventral quadrant of the spinal cord in
monkeys and found that evoked activities in both SI and SII
were inhibited, similar to the present results.

In the main tactile pathway, the VPL and the ventroposterior
medial nucleus (VPM) of the thalamus are shown to reduce
experimentally induced pain in humans when electrically
stimulated (Marchand et al, 2003). In addition, electrical
stimulation of VPL/VPM is effective in relieving chronic
pain (Hosobuchi ef al, 1973; Mazars et al, 1973) and allodynia
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Figure 7. Contribution of the control TS- and IES-evoked responses to the responses
evoked by paired stimuli. By use of a least squares fit, we calculated how the control
TS and IES waveforms explained the waveforms in IES -+ TS conditions. The bottom
traces show the time course of coefficients for TS (a) and IES (b). The result of this
case (subject 3) shows that magnetic fields evoked by paired stimuli can be explained
by only the control TS-evoked response except at a latency period of ~30-60 ms after
TS, where the control IES-evoked response alone can explain the response shown by
an asterisk.

in rats (Kupers and Gybels, 1993). Like stimulation of the
peripheral nerve and dorsal column, the stimulation of VPL/
VPM usually elicits paresthetic sensations without sensations
of pain. In addition, the electrode must be placed in the
somatotopic part of the VPL/VPM nuclei that represents the
painful site to obtain pain relief (Gybels, 2001), which mimics
rubbing a bruised area to reduce pain. These thalamic nuclei
send dense projections to SI Therefore, this thalamo-cortical
pathway may mediate analgesia produced by thalamic stimula-
tion. The fact that successful stimulation in patients with
chronic pain produces localized paresthetic sensations in the
painful area and increases cerebral blood flow in SI and
the thalamic region stimulated (Katayama et al, 1986; Duncan
et al, 1998) appears to support the involvement of the VPL/
VPM-SI pathway in pain relief by thalamic stimulation. The
inhibition of nociceptive SI neurons by sensory thalamus
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stimulation may explain why electrical stimulation of this area
rarely produces painful sensations though VPL/VPM contains
considerable numbers of nociceptive neurons (Kenshalo ef al,
1980; Chung ef al, 1986; Bushnell et al, 1993; Apkarian and Shi,
1994). Davis et al (1996) examined effects of microstimulation
in the ventrocaudal nucleus of the thalamus of patients with
chronic pain and found that the stimulation frequently evoked
sensations of pain in patients with post-stroke pain but only
paresthetic sensations in non-stroke patients. The increased
incidence of thalamic-evoked pain in such patients may be due
to the relative dominance of the nociceptive thalamus-SI
pathway following loss of low-threshold mechanoreceptor
thalamic neurons or reduced tonic inhibition of thalamic or
cortical nociceptive neurons. This notion is similar to Mazars’s
original hypothesis of pain relief by thalamic stimulation that
when pain is due to a lack of proprioceptive information
reaching the thalamus from the damaged region, it might be
controlled by thalamic stimulation in place of physiological
stimuli running through the dorsal column.

Another possible explanation of tactile-induced pain inhibi-
tion is that tactile inputs inhibit nociceptive brain areas other
than the VPL-SI pathway via thalamo-thalamic, thalmo-cortical
or cortico-cortical inhibitory projections. For example, Craig
et al. (1994) demonstrated a very high concentration of pain-
and thermo-specific neurons in the posterior part of the ventral
medial thalamic nucleus (VMpo) in monkeys, which has dense
lamina I spinothalamic tract terminations. In lamina I of the
dorsal horn, there is a population of neurons specifically
responding to noxious stimuli in cats (Christensen and Per],
1970) and monkeys (Kumazawa et al, 1975) similar to VMpo
neurons. In addition, stimulation around VMpo elicits localized
sharp painful sensations and nociceptive-specific neurons are
recorded in this region in humans (Craig, 2003). VMpo projects
to the dorsal part of the insula and other cortical areas such as
area 3a of SI (Craig, 2003). Therefore, VMpo and its projection
sites may be the target in tactile-induced inhibition of pain. We
considered that a thalamo-cortical pathway via VMpo is one
candidate for sites receiving inhibitory effects, although some
recent studies questioned the existence of this nucleus (Willis
et al.,, 2002).

Previous studies suggested one primary site of pain process-
ing in the dorsal posterior insula (Craig, 2003; Vogel et al, 2003)
where VMpo projects. In fact, activity from the dorsal part of the
insula contributes to creating the major magnetic component
evoked by IES (Inui ez al, 2003a), which was almost completely
suppressed by TS in the present study. As for activity in area 3a,
Tommerdahl et al. (1996) demonstrated clusters of nociceptive
neurons that show an augmenting response to repeated brief
heat stimuli in monkeys. In addition, they showed that activa-
tion in area 3a by noxious heat stimuli was accompanied by
a reduction of activity in areas 3b and 1 produced by innocuous
mechanical simulation, which was likely mediated by long-
distance horizontal connections that link area 3a and areas 3b/1.
Given the inhibitory cortico-cortical projections from area 3a to
areas 3b/1 in the pain-touch interaction, it seems possible that
IES-evoked area 3a activity was inhibited by similar cortico-
cortical projections from areas 3b/1 in the present study. Our
data that the onset latency of the inhibition of the IES-evoked
response by TS was ~20 ms later than the arrival of TS signals
to the cortex (IES +TS conditions from -100 to <40 ms) are
consistent with such a cortico-cortical inhibition. However,
activation of neurons in the bottom of the sulcus creates
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Figure 8. Group-averaged time course of the coefficients for TS and IES. (4) Effects of later arriving TS signals on the IES-evoked response. (B) Effects of later arriving IES signals
on the TS-evoked response. (C) Effects of preceding TS signals on the IES-evoked response. (D) Effects of preceding IES signals on the TS-evoked response.

a dipole with a radial orientation that is difficult detect by MEG,
therefore our recorded magnetic fields might not reflect activity
from area 3a.

The role of SII in pain perception is unclear, largely due to the
lack of unit study findings on nociceptive neurons in this area.
In marked contrast with human neuroimaging studies in which
activations in SII are constantly found after noxious stimulation,
nociceptive neurons are rarely encountered in SII in animal
studies (for review, see Schnitzler and Ploner, 2000). For
example, the proportion of nociceptive neurons was 4% (5 of
123 neurons) in a study by Dong et al (1989). The present
finding of powerful inhibition by tactile inputs of responses to
noxious stimuli in SII suggests that the paucity of nociceptive
neurons in SII in animal studies might be a result of the use of
a non-selective intense mechanical stimulation that activates
low-threshold mechanoreceptors as well as nociceptors, since
the present results showed that noxious stimuli-evoked SII
activity was markedly inhibited when an innocuous stimulus
was applied simultaneously (CTI 0 ms). If a selective noxious
stimulation is used as a searching stimulus, a larger number of
nociceptive neurons might be found in SIL

Although the pain rating was correlated with both the peak
amplitude of the [ES-evoked response (subtracted) and the
integral strength of the coefficient for the IES-evoked response
during the 50-300 ms latency, data in some conditions did not
show a simple linear correlation between them. The rating for
the IES + TS <40 ms condition (12.7) was not so different from
that for the -20 ms (11.1) and 0 ms (13.7) conditions, while

—@®—IES
—O——=TS

20

-400 -200 0 200 400
Conditioning-test interval (ms)

Figure 9. Amplitudes of the IES- and TS-evoked response represented as an integral
of the respective coefficient value. Each value is the percentage of the area under the
curve (AUC) during a latency period of 50-300 ms relative to that in the control
condition (500 ms condition for TS and —500 ms condition for IES). Vertical bars
indicate =1 SE.

the peak amplitude of the 40 ms condition (34.5% of the
control) was apparently greater than that of the -20 ms (20.2%)
and 0 ms (23.4%) conditions, due to the presence of an early
sharp component that escaped the inhibition in the 40 ms
condition. This result implies that the early sharp component in
the 40 ms condition did not help to produce painful sensations.
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We considered that the early activity in the -40 ms condition
with a very short duration (shown by an asterisk) was not
sufficient to evoke painful sensations, that is, below the level
critical to drive the subsequent processing related with pain
recognition or pain rating in amplitude or in duration. In
contrast, the rating in the -60 ms condition (37.4) was much
larger than that in the -40, ~20 and 0 ms conditions, suggesting
that the strength or duration of the early activity in this
condition might exceed the critical level.

Although the present study found an inhibitory effect of
noxious stimulus on the tactile-evoked cortical response, its
manner was strikingly different from that observed in the IES-
induced inhibition of the TS-evoked response in that the IES-
evoked cortical response was strongly inhibited by later arriving
TS signals whereas inhibitory effects of IES signals on the TS-
evoked response were observed only when the IES signals
preceded the TS signals. Therefore, there is a specific one-way
touch-pain inhibitory action although the inhibitory effects of
a preceding activation of one modality on the other may be
reciprocal. The stronger inhibition of the IES-evoked response
(Fig. 8C) than TS-evoked response (Fig. 8D) might be because
the inhibition of the IES-evoked response was a summation of
the specific touch-pain inhibitory action and a weaker re-
ciprocal inhibitory mechanism. The inhibitory effect of pain on
tactile processing is consistent with previous findings that tonic
pain elevated vibrotactile perception thresholds (Apkarian
et al, 1994; Bolanowski et al, 2000) and decreased pro-
prioception (Rossi et al, 1998), and that innocuous tactile
stimulation-induced activations in SI (3b and 1) were decreased
during heat pain in monkeys (Tommerdahl et al, 1996),
although the mechanism of the inhibition might be different
from that observed in this study, since the present study used
a phasic pain stimulus instead of tonic pain. A few neurophys-
iological studies have assessed effects of pain on tactile
processing using a phasic painful conditioning stimulus. In
an MEG study, Tran et al (2003) compared the effects of
conditioning innocuous and noxious electrical stimulations to
the finger on cortical responses to median nerve stimulation and
found that noxious stimulation elicited greater effects in
reducing the early SI activity evoked by median nerve stimula-
tion at CTIs of 100-400 ms, indicating that activation of A-delta
fibers significantly inhibited the cortical tactile response. On the
other hand, Dowman (1999) and Ploner ef al. (2004) used brief
painful laser stimuli to examine touch-pain interaction and
found an augmentation of tactile processing. However, both
studies examined only one CTI (194 and 500 ms, respectively)
and therefore could not assess the effects of conditioning
noxious stimuli at various timings.

Although activities of nociceptive neurons in the dorsal horn
have been shown to be modulated under various conditions,
including segmental sensory stimulation (Handwerker and
Zimmermann, 1975), noxious stimulation applied to various
parts of the body (Le Bars et al, 1979; Gerhart et al, 1981),
thalamic stimulation (Gerhart et al, 1983) and dorsal column
stimulation (Handwerker and Zimmermann, 1975; Foreman
et al, 1976), our results indicate that powerful modulation
also occurs in the brain. There are surprisingly few studies
dealing with such inhibitory mechanisms in the brain. This
apparently shows that past studies have stressed the spinal
mechanism of pain modulation. We consider that mechanisms
in the brain as well as the spinal cord should be taken
into consideration in both experimental and clinical studies.
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There should be various types of modulation at various levels
that interact with each other.

Notes

We wish to thank Drs S. Nosaka and 1. Osawa for advice on the intra-
epidermal stimulation method.

Address correspondence to Koji Inui, Department of Integrative
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Brain Processing of the Signals Ascending
Through Unmyelinated C Fibers in
Humans: An Event-Related Functional
Magnetic Resonance Imaging Study

Event-related functional magnetic resonance imaging was used to
investigate brain processing of the signals ascending from periph-
eral C and AS fibers evoked by phasic laser stimuli on the right hand
in humans. The stimulation of both C and AS nociceptors activated
the bilateral thalamus, bilateral secondary somatosensory cortex,
right (ipsilateral) middie insuia, and bilateral Brodmann's area {BA)
24/32, with the majority of activity found in the posterior portion of
the anterior cingulate cortex (ACC). However, magnitude of activity
in the right (ipsilateral) BA32/8/6, including dorsal parts in the
anterior portion of the ACC (aACC) and pre-supplementary motor
area (pre-SMA), and the bilateral anterior insula was significantly
stronger following the stimulation of C nociceptors than A3
nociceptors. It was concluded that the activation of C nociceptors,
related to second pain, evokes different brain processing from that
of AS nociceptors, related to first pain, probably due to the dif-
ferences in the emotional and motivational aspects of either pain,
which are mainly related to the aACC, pre-SMA, and anterior insula.

Keywords: ACC (anterior cingulate cortex}, A8 fiber, C fiber, fMRI, pain

Introduction

Generally, acute pain is classified as first and second pain asso-
ciated with rapidly conducting A8 fibers and slowly conducting
unmyelinated C fibers, respectively. First pain aims at achieving
relative safety from the source of injury, whereas second pain,
with its strong affective component, attracts longer lasting atten-
tion and initiates behavioral responses in order to limit further
injury and optimize recovery (Wall 1979; Ploner and others 2002).
Accordingly, the distinct brain representations for first and second
pain should reflect distinct biological functions of both sensations.

Because a phasic painful laser pulse can produce brain
responses related to first pain (Mor and Carmon 1975), pain
perception in humans has been intensively investigated in
neuroimaging studies using positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI). Using
conventional laser stimuli, these studies showed activations in
multiple regions such as the primary somatosensory cortex (S0),
secondary somatosensory cortex (SII), insula cortex, and
cingulate cortex (Svensson and others 1997; Xu and others
1997; Mauguiere and others 1999; Sawamoto and others 2000;
Bingel and others 2002; Bornhovd and others 2002; Buchel and
others 2002; Bingel, Glascher, and others 2004; Bingel, Lorenz,
and others 2004). However, the differential brain responses to
signals ascending from peripheral A8 and C fibers are unclear
and remain to be investigated because these neuroimaging
studies only investigated brain processing on the activation of
AS nociceptors. Although painful laser pulses activate concomi-
tantly A and C nociceptors, it was very difficult or impossible to
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activate C nociceptors independently using laser stimulation
(Bromm and Treede 1984).

To examine brain processing related to the activation of C
nociceptors, capsaicin injection has been employed in a few
neuroimaging studies using PET and fMRI. However, capsaicin is
associated with the stimulation of not only C nociceptors but
also A8 nociceptors (Holzer 1991; Szallasi 1994), and the
responses it evokes reflect a mixture of bottom-up and top-
down processes and complex pain-coping strategies, as well as
perceptual and physiological phenomena like temporal sum-
mation (Price and others 1977) and wind up (Mendell and Wall
1965) because capsaicin induces long-lasting tonic pain. There-
fore, using phasic (short lasting) stimulation to selectively
activate C nociceptors is more suitable to the study of brain
processing based on identification of the onset period for laser
stimuli and fMRI scans than tonic capsaicin-induced stimulation.

Recently, a Belgian group (Bragard and others 1996; Opsommer
and others 1999) developed a new method for selectively
stimulating C nociceptors using a laser pulse applied to 4 tiny
area of skin and succeeded in recording laser-evoked potentials
(LEPs) related to the activation of C nociceptors (Plaghki and
Mouraux 2003). The physiological background of this method is
that the C nociceptors in the skin have a higher density than the AS
nociceptors (Ochoa and Torebjork 1989; Schmidt and others
1994; Treede and others 1994). We adopted this new approach by
arranging the stimulus method. We used an aluminum plate with
many holes whereas the Belgian group used a plate with 1 hole
attached at the top of the laser stimulation probe. We concluded
that this method selectively activates C nociceptors based on
studies using microneurography (Qiu and others 2003), electro-
encephalography (EEG) (Qiu and others 2001, 2002; Tran and
others 2001; Tran and others 2003), and magnetoencephalography
(Tran and others 2002; Qiu and others 2004).

In this study, we used fMRI to identify brain activity evoked by
the stimulation of C nociceptors using an aluminum plate with
numerous holes in healthy human subjects. We also used fMRI
following the activation of A8 nociceptors with a conventional
method (without using the aluminum spatial filter) to compare
the results between the 2 methods. This procedure should
demonstrate the distinct brain responses reflecting different
biological functions of both first and second pain.

Methods

Subjects

Thirteen healthy male volunteers (1 left handed) participated in
this study. They ranged in age from 25 to 39 (mean * standard deviation:
30.9 % 4.3). This study was approved by the Ethics Committee at our
Institute, and all participants gave their informed consent. None of the
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subjects suffered from diseases that might affect normal somatosensory
and pain perception. During scanning, 1 investigator stayed with the
subject in the scanner room and applied the laser stimuli to the dorsum
of the right hand.

Stimulation of C and AS Nociceptors

A Tm:YAG laser stimulator (Carl Baasel Lasertech, Starnberg, Germany)
was used to apply brief radiant pulses to the skin of the subjects with
a wavelength of 1960 nm, a pulse duration of 1 ms, and a spot diameter
of 3 mm. For stimulating C nociceptors, we used a thin aluminum plate
attached to the top of the stimulus probe (distal end of laser optical
fiber) as a spatial filter. This filter was 0.1 mm in depth, and in an area of
10 x 10 mm? on this plate, parallel lines were drawn every 1 mm, giving
11 x 11 intersections. A total of 121 (11 x 11) thin holes were drilled at
these intersections, each with a diameter of 0.4 mm, corresponding to
an area of 0.125 mm?> for each hole. The laser pulse penetrated 7-11
holes on average. This aluminum spatial filter was placed as close as
possible (less than 2 mm) above the skin to reduce the effect of
diffraction. The principle of this method was based on that of previous
studies (see Kakigi and others 2003; Plaghki and Mouraux 2003). For
stimulating A8 nociceptors, we used conventional laser stimuli without
using the aluminum spatial filter. Because stimulus duration was very
short, 1 ms, subjects felt a sharp (A8 fibers stimulation) and burning or
dull (C fibers stimulation) pain for a short period.

Before fMRI scanning, we determined the stimulus intensity for each
subject by recording LEPs by averaging EEG. Bragard and others (1996)
used 2 different laser strengths for activating C nociceptors, one weaker
than and one the same as that for A8 nociceptors, and recorded similar
LEP findings between them. However, to minimize the effect of
a difference of laser strength, we used the same laser strength for
activating C and A8 nociceptors, though the energy absorbed in the skin
might not be exactly the same because of the spatial filter used for
activating C nociceptors. The laser strength was determined as the
weakest that could evoke clear LEPs following the stimulation of both C
(using 2 thin aluminum plate) and Ad (conventional method) nocicep-
tors in each subject to minimize skin damage and discomfort (Qiu and
others 2004). The mean intensity was 159.6 mJ, ranging from 145.0 to
180.0 mJ. The mean peak latency of the main positive component of
LEPs following the stimulation of AS and C nociceptors was 351.1 and
932.2 ms, respectively. Using this procedure, we had confirmed that the
present stimulus method was appropriate before recording fMRI.

Experimental Paradigm and hnaging Acquisition

The experiment was performed on 2 different days, with the second
experiment performed 7 days after the first. In the first experiment,
the 13 subjects were randomly separated into 2 groups, one assigned
to the examination that stimulated C nociceptors, the other assigned to
the examination that stimulated A8 nociceptors. During the second
experiment, these groups were switched. The event-related (single-
event) design was used in this study. During the fMRI scans, the laser for
either A3 or C stimulation was applied to the right hand of subjects. The
interstimulus interval between adjacent stimuli was either 14, 16, 0r 18 s,
and these intervals were controlled with stimulus presentation software
(Presentation 0.50, Neurobehavioral Systems, Albany, California). The fMR1
scans were acquired using blood oxygenation level-dependent contrast
T2*-weighted gradient echo. A total of 248 fMRI scans per session were
acquired using echo-planar imaging sequences (time of repetition [TR], 2. 5;
echo time [TE], 30ms; flip angle [FA] 75; field of view [FOV] 192 mm; in-
plane resolution, 3.0 x 3.0 mm; 32 slices of 3-mm thickness covering the
whole cerebrum) on a 3.0-T magnetic resonance scanner with a standard
head coil (Allegra; Siemens, Erlangen, Germany). The interleaved (first
slice = bottom) scanning sequence was used. The images were oriented
slightly tilted towards the AC-PC line and aligned so that the sample
included whole brain. A high-resolutional T1-weighted anatomical brain
image of each subject was obtained using an magnetization-prepared rapid
gradient-echo sequence (Mugler and Brookeman 1990) with the following
parameters: TR = 2500 ms, TE = 4.38 ms, FA = 8°, FOV = 230 x 230 mm?,
resolution = 0.9 x 0.9 mm>.

Image Processing and Statistical Analysis
Imaging processing and statistical analyses were performed using
statistical parametric mapping (SPM99; Wellcome Department of
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Cognitive Neurology, London, UK) (Friston and others 1995; Worsiey
and Friston 1995) implemented in Matlab (Mathworks, Sherborn,
Massachusetts). The first 8 volumes of each fMRI session were discarded
because of unsteady magnetization and the remaining 240 volumes per
session (480 volumes per subject) were used for analysis. We initially
corrected the differences in slice timing within each volume. To remove
the motion artifacts, all volumes were then realigned to the first
functional image of each session (Friston and others 1994). After being
coregistered with a T1-weighted structural volume, they were normai-
ized in the functional scans to the standard stereotaxic space (Montreal
Neurological Institute [MNI] template). Then, the images were spatially
smoothed using an isotropic Gaussian kernel with a full-width half
maximum of 8 mm. Because the event-related (single-event) design was
used in this study, specific effects for AS- or C-related sensations were
estimated for each subject using a general linear model with a regressor
waveform assuming the hemodynamic response (HDR) function begin-
ning at the onset of each laser stimulus. To make statistic inferences
at the population level, individual data were then summarized and
incorporated into a random-effect model. The threshold was set at
P < 0.001, uncorrected for multiple comparisons (Friston and others
1998).

Results

Following the stimulation of C nociceptors, the bilateral
thalamus, bilateral SIi, bilateral middle/anterior insular cortex,
bilateral posterior portion of the anterior cingulate cortex
(pACC), dorsal parts of the anterior portion of the ACC
(aACC), and pre-supplementary motor area {(pre-SMA) were
significantly activated (Fig. 14). The HDRs in the bilateral
thalamus, bilateral SII, right (ipsilateral) middle insula, and left
PACC peaking at 5 or 7 s following stimulation are shown in
Figure 1b.

Following Ad nociceptor stimulation, the bilateral thalamus,
bilateral SII, right (ipsilateral) middle insula, and bilateral pACC
were significantly activated (Fig. 2a). The HDRs in the bilateral
thalamus, bilateral SII, right middle insula, and left pACC peaking
at 5 or 7 s following stimulation are shown in Figure 2. Overall,
the time course of HDRs to the activation of C nociceptors was
similar with the time resolution of the present fMRI method.
The peak of HDRs in these activated regions showed significant
differences between Ad and C nociceptor stimulation. Activity
was significantly stronger following the stimulation of Ad
nociceptors than C nociceptors in the right SII (P < 0.0001),
left SII (P < 0.05), right insular (P < 0.01), and left pACC
(P <0.01) (paired ttest). In contrast, there were no significant
differences in the bilateral thalamus (P= 0.40 for right thalamus
and P = 0.52 for left thalamus) (paired #test).

To identify the activity common to and differing between C
and A3 nociceptor stimulation, we used a conjunction analysis
in the SPM analysis (Price and Friston 1997; see also Friston and
others [2005] and Nichols and others [2005] for the recent
discussion on conjunction analysis). The bilateral SII, bilateral
thalamus, right (ipsilateral) middle insula, and bilateral Brod-
mann’s area (BA) 24/32 with the majority of activity occurring
in the pACC were activated by both C and Ad nociceptor
stimulation (Table 1 and Fig. 3). We then made a direct com-
parison between C and Ad nociceptor stimulation. The activa-
tion of the right (ipsilateral) BA32/8/6 including dorsal parts of
the aACC and pre-SMA and the bilateral anterior insula was
significantly greater following C nociceptor stimulation than A3
nociceptor stimulation (P < 0.001) (Table 2 and Fig. 4). By
contrast, there were no regions where activity was significantly
stronger following the stimulation of A3 nociceptors than C
nociceptors. The activated regions in ACC and pre-SMA are
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Figure 1. The brain-activated regions and HDRs following C naciceptor stimulation. (a) 1 sagittal (x = 2, left panel) and 2 coronal y = 6 and 16 for the middle and right panels,
respectively) images showing the significant activation to C naciceptor stimulation. Two vertical bars in the left panel indicate the sagittal positions of the 2 coronal planes. (b) Time
course of HDRs in the activated regions was illustrated. R. = right (ipsilateral to the stimulation), L. = left (contralateral to the stimulation), M. = middle part, Th. = thalamus,
Sll = secondary somatosensory cortex, Ins. = insula, pACC = posterior portion of the anterior cingulate cortex. Error hars indicate standard deviation.
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Figure 2. The brain regions activated and HDRs following A8 nociceptor stimulation. (a) 1 sagittal (x = -6, left panel) and 2 coronal (y = 6 and 16 for the middle and right panels,
respectively) images showing the significant activation to A3 nociceptor stimulation. Two vertical bars in the left panel indicate the sagittal positions of the 2 coronal planes.
To make a comparison with Figure 1 easier, the positions of the 2 caronal planes were set identical to those in the previous figure. () Time course of HDRs in the activated regions
was illustrated. R. = right (ipsilateral to the stimulation), L. = left {contralateral to the stimulation), Th. = thalamus, SII = secondary somatosensory cortex, M. Ins. = middle insula,
pACC = posterior portion of the anterior cingulate cortex. Error bars indicate standard deviation.

shown in Figure 5. We used the nomenclature based on Devinsky
and others (1995) and Kwan and others (2000) to classify the
subregions in the ACC, anterior/posterior and dorsal/ventral
portion (Buchel and others 2002).

The time course of HDRs in the 2 regions where C
nociceptors were activated more than Ad nociceptors, the right

(ipsilateral) BA32/8/6 and bilateral anterior insula, is shown in
Figure 6. There were differences following A8 nociceptor
stimulation between these 2 regions. Activated A3 nociceptors
in BA32/8/6 were almost absent, indicating that this region was
selectively activated following C nociceptor stimulation and is
probably related to second pain. The activity was significantly
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Table 1 Table 2

Coordinates (MNI) of regions activated by both C and A3 nociceptor stimulation Coordinates (MNI) of specifically activated regions for C nociceptor stimulation

Brain region (side) X y Z Z-score Brain region (side) X y z Z-score

Thalamus BA32/8/6
Ipsilateral 8 —6 12 4.14 Midline, Ipsilateral 6 22 50 4.52
Contralateral —12 —4 14 4.02 Anterior insula

NI Ipsilateral 30 21 3 391
Ipsilateral 62 —20 18 415 Contralateral -3 25 1 3.56
Contralateral —64 —26 18 4.42

Right middle insula
Ipsilateral 58 4 4 412

BA24/32 (pACC) BA 32/8/6(x/0-12,y/8-28,2/42-58) L.ant.Insula(x/31,y/25.2/1)
Contralateral —6 4 42 4.02 Y=25
Ipsilateral 2 10 48 373 ~ s,

Figure 3. Brain regions commonly activated by C and A3 nociceptor stimulation.
Numbered bars in the left panel indicate locations of coronal slices in the right panel.
Activated regions overlaid on an anatomically normalized MRI (MNI template) with
their corresponding y coordinates (right side). Sll = secondary somatosensory cortex,
Th. = thalamus, pACC = posterior portion of the anterior cingulate cortex, Mid.
Ins. = middle insula. MNI coordinates in Table 1.

stronger following the stimulation of C nociceptors than Ad
nociceptors in the time period, 5-9 s, poststimulation (P <0.05)
(Fig. 6a). However, the bilateral anterior insula was also
activated by Ad nociceptor stimulation, though to a significantly
lesser degree than following C nociceptor stimulation. The HDR
peaked at 3 s following A8 nociceptor stimulation, gradually
decreased afterward, and then returned to the baseline level at
6 s. By contrast, HDR peaked at 7 s following C nociceptor
stimulation, and a significant difference was found between the
2 stimulus conditions at 5 and 7 s poststimulation (P < 0.05)
(Fig. 6b). Therefore, this region is considered to be important
for both C and Ad nociceptor stimulation but is more specifi-
cally activated by C nociceptor stimulation, probably related to
second pain.

Discussion

In the present fMRI study, we found that the activity in the right
(ipsilateral) BA32/8/6, including the dorsal parts of the aACC
and pre-SMA, and the bilateral anterior insula was significantly
stronger following the stimulation of C nociceptors than A3
nociceptors, though several regions were activated by both
stimuli.

This is the first neuroimaging study to use the phasic
stimulation of C nociceptors. As a method for the tonic
stimulation of C nociceptors, the injection of capsaicin is
commonly used, and a few studies using PET (Andersson and
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Figure 4. Brain regions differentially activated by C nociceptor stimulation. The
activity in these areas was significantly stronger following the stimulation of C
nociceptors than A8 nociceptars (P < 0.001, uncorrected) and overlaid on an
anatomically normalized MRl (MNI template). BA = Brodmann's area, Ant. Ins. =
anterior insula, L. = left, R. = right. MNI coordinates in Table 2.

others 1997; Iadarola and others 1998; May and others 1998)
and fMRI (Baron and others 1999) reported that the thalamus,
striatum, SI, SII, insula cortex, cingulate cortex, prefrontal
cortex, and SMA were activated in normal healthy subjects.
Activity in the insular cortex was also identified by fMRI
following touch stimulation of C fiber tactile afferents in
a unique patient lacking large myelinated afferents (Olausson
and others 2002). In the present study, the bilateral thalamus,
bilateral SII, bilateral middle/anterior insula, bilateral ACC, and
pre-SMA were activated, consistent with previous studies using
capsaicin-induced pain. By contrast, no activation of the SI or
prefrontal cortex was found. Because capsaicin-induced pain is
a tonic pain reflecting a mixture of bottom-up and top-down
processes and complex pain-coping strategies, the difference in
regions activated obtained with the capsaicin injection and our
method was probably caused by the difference in the method of
stimulation used. However, the finding that the activity in the
right (ipsilateral) BA32/8/6, including the dorsal parts of the
aACC and pre-SMA, and the bilateral anterior insula, particularly
the former, was significantly stronger following stimulation of
C nociceptors than A8 nociceptors was novel. i
Following the stimulation of A nociceptors in the present
study, the bilateral thalamus, bilateral SII, right (ipsilateral)
middle insula, and pACC were activated, consistent with recent
neuroimaging studies using PET and fMRI following stimulation
with CO, or 2 Tm:YAG laser. However, a German group (Bingel
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Figure 5. Activations in the ACC and pre-SMA overlaid on an anatomically normalized
MRI (MNI template) These are shown from left (top part of the image) to right
(bottom part of the image] with their corresponding MNI template x coordinates. The
blue vertical line indicates the line through the anterior commissure (VAC). aACC =
anterior portion of the anterior cingulate cortex, pACC = posterior portion of the
anterior cingulate cortex

and others 2002; Bornhovd and others 2002; Buchel and others
2002; Bingel, Glascher, and others 2004; Bingel, Lorenz, and
others 2004) reported that many regions involving the SI,
hippocampus, amygdala, prefrontal cortex, SMA, motor cortex,
putamen, red nucleus, brainstem, and cerebellum were also
activated in addition to the regions identified in the present
study. We consider the difference between their findings and
ours to be mainly due to the method of analysis because the
German group used a fix-effect model whereas we used
a random-effect model during the group analysis with un-
corrected values and set the threshold at P < 0.001. In any
case, the areas important for pain perception may be those
where both groups identified activity.

* We found activity in the pACC following the stimulation of
both A8 and C nociceptors and in the dorsal part of the aACC
following the stimulation of only C nociceptors. Hutchison and
others (1999) detected activity in the pACC following painful
thermal stimulation using single-neuron recordings in con-
scious subjects. Buchel and others (2002) demonstrated that
the pACC is associated with pain intensity, and dorsal parts of
the aACC are associated with cognitive processing like atten-
tion and working memory and stimulus awareness related to
pain. In addition, the dorsal ACC also plays important roles in
cognition, motor control, and emotional processing (Bush and
others 2002). Therefore, our findings indicate that the activa-
tion of the dorsal parts of the aACC through the stimulation of
C nociceptors, probably related to second pain, is closely related
to the cognitive aspect of pain as compared with the stimulation
of the Ad nociceptors (first pain). Recently, Bush and others
(2000) and Vogt and others (2003) reviewed anatomical and
physiological findings of cingulate cortex. Bush and others
(2000) separated ACC into 2 parts by their roles; the more
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Figure 6. Time course of the HDRs in the BA32/8/6 and bilateral anterior insula
following stimulation of C and A8 naciceptors. (a) In the right (ipsilateral) BA32/8/6,
the HDR following AS nociceptor stimulation was almost below the baseline, whereas
that following C nociceptor stimulation was very large. The difference between them,
5-9 s, after stimulation was significant. (b) In the bilateral anterior insula cortex (solid/
dashed line = right/left anterior insula), the HOR following A3 nociceptor stimulation
peaked at 3 s, rapidly decreased thereafter, and had returned to the baseline level at 6
s. By contrast, the HOR following C naciceptor stimulation was large for a long period,
peaking at 5 s, and the difference between 5 and 7 s after stimulation was significant
(the paired t-test was calculated from red solid to blue solid lines and red dashed to
blue dashed lines) (*P < 0.05, **P < 0.01, ***P < 0.001).

anterior part plays a main role for emotional tasks and the
posterior part does so for tasks. The activated region found in
the present study was consistent with the emotional region
reported by them; Vogt and others (2003) also separated the
cingulate cortex into 3 parts: noxious thermal region, emotional
region, and nonemotional region, and the activated region
found in the present study was consistent with the noxious re-
gion and emotional region reported by them, mainly the former.

Activation in the SMA has been reported following various
noxious stimulations such as heat (Coghill and others 1994;
Kwan and others 2000), cooling (Kwan and others 2000), CO,
laser (Svensson and others 1997), ethanol injection (Hsieh and
others 1996), and thermal grill (Craig and others 1996). Kwan
and others (2000) reported fMRI study of the activation of the
ACC and surrounding medial wall using innocuous and noxious
thermal-related stimuli and motor-related stimuli and noxious
stimuli activated mainly aACC, pACC, and SMA proper and
modestly pre-SMA too. Picard and Strick (2001) reviewed
imaging studies of the premotor cortex and concluded that
it might be more appropriate to consider the pre-SMA as
a functional component of the prefrontal cortex rather than
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as a premotor area. Because the dorsal parts of the aACC is also
considered as a cognitive region (Bush and others 2002), it
seems appropriate that both pre-SMA and caudal division of
ACC play a main role for cognitive function for second pain
perception.

Studies of lesions in animals and humans, functional imaging
related to attention and emotion, and opioid-binding experi-
ments have shown that the anterior insula is coactivated with
the ACC to reflect active modulation by the affective agent of
pain perception (Peyron and others 2000; Schnizler and Ploner
2000; Craig 2002). Our finding that the activity in the bilateral
anterior insular cortex was significantly stronger following the
stimulation of C nociceptors than A3 nociceptors, which is
probably related to second pain, reflects greater attention and
behavioral motivation as compared with first pain (Ad nocicep-
tor stimulation).

It is obvious that first pain and second pain are experienced
differently probably because of several anatomical and physio-
logical differences. In the dorsal horn of the spinal cord, lamina
11 is the input nucleus for C nociceptors and laminae I'and V are
major output nuclei for Ad nociceptors (Willis 1985). Since
Melzack and Casey (1968) divided the nociceptive system into
lateral (sensory-discriminative aspects of pain) and medial
(affective-motivational aspects of pain) systems, the supraspinal
parts of the nociceptive system have been investigated by
a large number of functional imaging studies (see review by
Treede and others 1999). However, the difference of activated
brain regions between A3 and C nociceptor stimulation
remained to be investigated. We found that the activity in the
bilateral insula and dorsal parts of the ACC and pre-SMA was
significantly greater following stimulation of C nociceptors than
A8 nociceptors in this study. These findings may indicate that
the C nociceptors play a more important role in the medial
system, whereas the A nociceptors play 2 more important role
in the lateral system, the sensory-discriminative aspects of pain.

In conclusion, our findings seem to suggest that the differ-
ences in brain activity between first and second pain percep-
tion probably reflect distinct biological functions of the 2
sensations as found in this study. It is considered that first
pain aims at achieving relative safety from the source of injury,
whereas second pain, with its strong affective component,
attracts longer lasting attention and initiates behavioral re-
sponses to limit further injury and optimize recovery (Wall
1979). Therefore, dorsal parts of the aACC, pre-SMA, and
anterior insular cortex should play some role in the perception
of second pain.
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