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Pain is a complex experience involving extensive interactions between brain and spinal cord processes. Various interventions that
modulate pain, such as the application of a competing noxious stimulus (counterirritation), are thought to involve cerebrospinal regu-
lation through diffuse noxious inhibitory controls (DNICs). However, no study has yet examined the relation between brain and spinal
cord activity during counterirritation analgesia in humans. This fMRI study investigates brain responses to phasic painful elec-
trical stimulation administered to the sural nerve to evoke a spinal nociceptive response (RIII reflex) before, during and after
counterirritation induced by the immersion of the left contralateral foot in cold water. Responses are compared with a control
condition without counterirritation. As expected, counterirritation produced robust pain inhibition with residual analgesia per-
sisting during the recovery period. In contrast, RIII reflex amplitude was significantly decreased by counterirritation only in a
subset of subjects. Modulatory effects of counterirritation on pain perception and spinal nociception were paralleled by decreased
shock-evoked activity in pain-related areas. Individual changes in shock-evoked brain activity were specifically related to analge-
siain primary somatosensory cortex (SI), anterior cingulate cortex and amygdala, and to RIII modulation in supplementary motor
area and orbitofrontal cortex (OFC). Moreover, sustained activation induced by the counterirritation stimulus in the OFC pre-
dicted shock-pain decrease while sustained activity in SI and the periaqueductal gray matter predicted RIII modulation. These
results provide evidence for the implication of at least two partly separable neural mechanisms underlying the effects of counter-

irritation on pain and spinal nociception in humans.

Introduction

Pain is a complex experience involving extensive interactions be-
tween brain and spinal cord processes. Four decades ago, cere-
brospinal interactions were already at the core of the leading pain
theory (Melzack and Casey, 1968). Although our understanding
of pain and pain modulation mechanisms has greatly advanced
since then, no study has yet shown direct links between specific
brain systems and spinal cord activity during interventions that
modulate pain in healthy humans.

Counterirritation by the application of two competing nox-
ious stimuli has been known for centuries as a means to induce
analgesia. This effect may reflect the brain release of endogenous
opioids in pain-related areas during sustained pain (Zubieta et
al., 2001). Besides, human physiological studies have also shown
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that spinal nociceptive processes indexed by the RIII reflex, a
multisynaptic flexion response, are also inhibited during and im-
mediately following counterirritation (Willer et al., 1999). This
effect is thought to rely on diffuse noxious inhibitory controls
(DNIC), a spinobulbospinal loop including the caudal me-
dulla (De Broucker et al., 1990). However, some studies found
no correlation between RIII and pain modulation as counter-
irritation analgesia may occur without RIII reflex inhibition
(Willer et al., 1979; Terkelsen et al., 2001; Bouhassira et al.,
2003). This emphasizes that changes in pain and RIII reflex
amplitude may be dissociated and are most likely regulated by
partly distinct mechanisms.

In addition to the caudal medulla, several brainstem struc-
tures such as the periaqueductal gray matter (PAG) and the ros-
tral ventromedial medulla (RVM) are involved in the descending
modulation of nociceptive activity (Hosobuchi, 1980; Mayer,
1984; Millan, 2002). The recruitment of the PAG by different
cognitive interventions (Petrovic et al., 2002; Tracey et al., 2002;
Valet et al., 2004) may reflect the activation of similar pathways
through top-down processes involving the anterior cingulate
cortex (ACC) and the orbitofrontal cortex (OFC) (Derbyshire et
al., 1998; Rainville et al., 1999; Faymonville et al., 2000; Petrovic
et al., 2000; Bantick et al., 2002; Petrovic and Ingvar, 2002; Valet
etal,, 2004; Bingel et al., 2006). Furthermore, direct corticospinal
projections from the primary somatosensory cortex (SI) (Ralston
and Ralston, 1985) can inhibit nociceptive spinothalamic cells
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Counterirritation paradigm Materials and Methods
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the “Centre de recherche de I'Institut de géria-
trie de Montréal” approved the study. All sub-
jects gave written informed consent and

received a compensation of C$50 for their time

Pre-baseline Baseline Counterirritation

Figure 1.

recovery block.

Table 1. Brain regions in which shock-evoked activity was decreased during
counterirritation (directed search)

Brain area BA Side® t Xy
Somatosensory cortex
Postcentral gyrus (SI) 1-3 L 4.73 —7,—48,70
1-3 — 433 3,—48,75
Parietal operculum (SI1) 40 L 6.08 —58, —28,15
Motor cortex
PrcG 4 L 6.35 —7,-31,70
4 R 6.00 14, —31,80
SMA 6 L 6.83 —17,0,75
6 R 5.15 7,3,65
6 R 5.02 14,0,75
Cingulate cortex
AcCC 32 — 428 3,17,35
24 R 5.34 7,3,40
24 R 5.27 7,10, 35
MCC 24 — 499 —3,-3,45
Insula
pINS — L 7.58 —31,—24,10
aINs — R 5.63 45,7,5
PHG 34 R 5.93 17,7,—20
PFC 9 L 6.65 —31,28,25
Thalamus — L 7.92 —14,—10,10
— R 4.68 10, —7,10

Peaks of activity were thresholded at p << 0.05 corrected for multiple comparisons for the search volume, using the
random field theory, minimum 3 voxels per cluster (see Materials and Methods). °BA, putative Brodmann area. ‘R,
right ipsilateral side; L, left contralateral side. ‘Coordinates are reported in MNI space.

(Yezierski et al., 1983). Therefore, several brain structures poten-
tially contribute to the effects of counterirritation on pain and
RIII reflex responses.

The aim of the present study was to elucidate cerebral and
cerebrospinal mechanisms of pain and RIII reflex modulation by
counterirritation with combined fMRI and electrophysiological
methods. Phasic painful electrical stimulation evoking a RIII reflex
were administered before, during, and after counterirritation in-
duced by the immersion of the left contralateral foot in cold
water. We hypothesized that shock pain, RIII reflex amplitude,
and shock-evoked brain activity would decrease as a result of the
activation of cerebral and cerebrospinal inhibitory processes in-
duced by the counterirritation stimulus. Furthermore, we inves-
tigated whether these modulatory effects reflected the sustained
activation of brain structures previously involved in descending
modulation of pain and RIII reflex [SI, ACC, anterior insula
(aINS), OFC, amygdala (AMY), PAG, the pons, the RVM, and
the caudal medulla].

Recovery

Counterirritation paradigm. A series of 35 electric shocks was delivered on the skin overlying the right sural nerve
distributed in four conditions: (1) prebaseline, (2) baseline, (3) counterirritation, and (4) recovery. Counterirritation was applied for
2min during the series of electric shocks by immersing the left foot in cold water (4°C). Shock pain was rated for each experimental
block just after the last shock of the block. Cold-pain rating was collected at the end of the scan, just after shock-pain rating of the

and commitment to the study.

Painful electrical stimulation. Transcutane-
ous electrical stimulation was delivered with a
Grass S48 square pulse stimulator (Astro-Med)
through a constant-current stimulus-isolation
unit and a radio-frequency (RF) filter, prevent-
ingartifacts in fMRI data. The stimulation con-
sisted in a 30 ms train of 10 X 1 ms pulse,
delivered on degreased skin over the retromal-
leolar path of the right sural nerve using a pair of surface electrodes (1
cm?, interelectrode distance 2 cm). The individual RIII reflex threshold
was determined using the staircase method (Willer, 1977), immediately
after positioning the subject in the scanner and before the acquisition of
functional images. For the counterirritation and control scans (see be-
low), the stimulation intensity was adjusted to 120% of the threshold
(mean = SD: 13.3 = 4.6 mA), and remained constant through the dura-
tion of the experiment.

Experimental paradigm. Before the scanning day, all participants
were familiarized with the painful stimulations, the pain rating scale,
the RIII-threshold assessment, and the counterirritation procedure in
our laboratory. On the experimental day, the procedure always
started with the threshold determination using the staircase method,
involving several series of ascending—descending intensities admin-
istered until a stable threshold was obtained outside of the scanner
(typically ~50 stimuli). The stability of the threshold was checked again,
with the subject inside the scanner, immediately before the experiment.
Then, three control scans were performed with painful electrical stimu-
lation at subthreshold and suprathreshold stimulus intensities without
counterirritation, to confirm the reliability of RIII measurements ob-
tained concurrently with the fMRI acquisition (note that only the control
scan performed with electric shocks administered at 120% of the RIII
threshold is reported here). The counterirritation scan was always per-
formed last to prevent carry-over effects.

The counterirritation scan included 35 electrical stimuli administered
with an interstimulus interval of 12 s (Fig. 1). The first five stimuli at the
beginning of the scan (1 min before baseline) controlled for the rapid
habituation effect observed occasionally on the first few trials of a series
of RIII measurements. The subsequent 30 stimuli were distributed
equally in three sequential conditions: painful shocks (n = 10) at base-
line, painful shocks (n = 10) + foot immersion in cold water (coun-
terirritation) and painful shocks (n = 10) after removing the foot
from cold water (recovery). Counterirritation was produced by plac-
ing the subject’s left contralateral foot in a MR-compatible container
filled with ice and cold water for 2 min (temperature adjusted to +4°C
immediately before the beginning of the scan). The foot was carefully
positioned just beside the water container before the beginning of the
scan. During the scan, counterirritation was visually cued to the ex-
perimenter who carefully placed the foot in cold water up to the
medial and lateral malleoli and removed it after 2 min. The subjects
were instructed that the foot would be moved passively into the water
by the experimenter and that they should not move the rest of their
body or help the movement of the leg. Subjects were covered with one
or two blankets as needed to remain comfortable during the entire
experiment.

In the control scan, a similar procedure was used but no counterirri-
tation was applied. The scan included 40 electrical stimuli administered
with an interstimulus interval of 6—15 s. The first five stimuli at the
beginning of the scan (1 min before baseline) controlled for the rapid
habituation effect observed occasionally on the first few trials of a series
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of RIII measurements. The subsequent 30 stimuli were attributed to
three sequential conditions to mimic the counterirritation procedure:
block 1 (n = 10 painful shocks), block 2 (# = 10 painful shocks), and
block 3 (n = 10 painful shocks). The last five shocks at the end of the
control series were not analyzed to ensure a fair comparison with the
counterirritation run which included only 35 stimuli (see fMRI data
analysis below). This scan served to control for potential nonspecific
temporal effects (including habituation). The data from this control
scan have been used in a parallel study (M. Piché, M. Arsenault, and
P. Rainville, unpublished observations).

Pain ratings. A visual analog scale (VAS) was used to evaluate the pain
induced by the electrical stimulation and the counterirritation stimulus.
Participants were shown the VAS on a computer monitor backprojected
onto a screen and viewed on a mirror placed on the head coil in front of
the participant’s eyes. The VAS was placed horizontally and included the
verbal anchors “no pain” and “worst pain imaginable” at the left and
right extremities, respectively (Price et al., 1994). Participants used an
MRI-compatible response key to move a cur-
sor on the VAS. They were prompted to rate
shock pain immediately after each block of A
stimuli (condition) and were also asked to rate

counterirritation pain just after shock-pain - 200 7
rating of the recovery condition (Fig. 1). Rat- 3 180 -
ings were prompted by a phrase displayed for g —
1 s on the screen immediately before the pain 2

scale appeared for 10 s. Shock-pain ratings g 140 -
were prompted by “Rating of shock pain” and N —
cold pain was prompted by “Rating of cold %

pain on the foot.” All ratings were converted = 100 -
linearly to a 0—100 scale. Pain modulation by & 504

counterirritation was tested using a two-tail
repeated-measures ANOVA. Analgesia during
counterirritation and recovery was also calcu-
lated for each subject by subtracting pain rat-
ings from that obtained during baseline. These

a

values were ranked (from 1 to 11, 11 being the 7
strongest analgesia) and served as a subject re- &
gressor coding for individual differencesinan- 3
algesia in fMRI analyses (note that one subject %

was excluded due to excessive movement; see E
below). Ranks were used as a conservative 3
measure to avoid biasing statistical estimates %
(e.g., correlation) due to outliers (also see s
RIII reflex recording and analyses). This is
particularly important in small samples. Figure 3.

RIII reflex recording and analyses. Electro-
myographic (EMG) activity of the right (ipsi-
lateral) biceps femoris was recorded with MRI-
compatible Ag-AgCl surface electrodes (Type
EL-508) using Biopac MP150 system (Biopac
Systems). Custom-made RF filters were used
for the recording of physiological measures to
prevent introducing artifact in the fMRI data.
Electromyographic (EMG) activity was amplified, bandpass filtered
(100-500 Hz), digitized, and sampled at 1000 Hz. EMG data were ana-
lyzed using Acqknowledge 3.8 (Biopac Systems). The raw EMG record-
ings were filtered off-line (120—-130 Hz) and transformed using the root
mean square. The resulting signal was integrated between 90 and 180
ms after the stimulus onset to quantify RIII reflex amplitude to each
shock. These values were averaged for each condition (10 stimula-
tions each) to assess RIII reflex changes during counterirritation and
control scans with two-tail Friedman’s ANOVAs for dependant sam-
ples. Repeated-measures ANOVAs were also performed at the subject
level for counterirritation and control scans to document the significance
of changes in RIII amplitude across conditions/blocks for each partici-
pant. Each trial entered the analysis as a separate observation to assess the
significance of changes observed between successive blocks. For the
counterirritation scan, the values were also normalized within each sub-
ject using a z-transformation and averaged for each condition to calcu-

Modulation of RIII reflex by counterirritation
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Figure 2.  Shock-pain ratings during baseline and counterirritation (immersion) and after
counterirritation (recovery). The counterirritation stimulus produced strong analgesia that par-
tially persisted during the recovery period. *p << 0.05; **p < 0.01.

B Modulation of RIII reflex by counterirritation
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RIIl reflex amplitude (pV.s)
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Rill reflex amplitude during baseline and counterirritation (immersion) and after counterirritation (recovery). 4, The
counterirritation stimulus produced a decrease of RIll reflex amplitude during and after counterirritation but the effect was not
significant ( p > 0.1). B, Individual differences in RIll reflex modulation during counterirritation. Two subgroups are evident
showing significant inhibition of RIll (gray triangles) and no inhibition (black dots). €, D, Individual examples of RIll reflex modu-
lation: arrows indicate the beginning and the end of counterirritation. In the first subject, RIll reflex amplitude was decreased
during counterirritation and slowly recovered to reach the baseline level at the end of the session (C). In the other subject, Rill reflex
amplitude slightly increased during counterirritation and decreased to a stable level during recovery (D).

late an index of RIII modulation for each subject. This was done by
subtracting the normalized RIII amplitude during counterirritation and
recovery from that obtained during baseline. These values were ranked
(from 1 to 11, 11 being the strongest RIII inhibition) and served as a
subject regressor coding for individual differences in RIII-modulation in
fMRI analyses (see below).

fMRI acquisition. Imaging data were acquired at “Unité de Neuroim-
agerie Fonctionnelle” of the “Centre de recherche de 'Institut de gériatrie
de Montréal” on a 3 T Siemens Trio scanner using a CP head coil. The
head of the subject was stabilized in a comfortable position using a vac-
uum bag. Subjects were instructed to refrain from moving as much as
possible throughout the imaging session and were given earplugs to re-
duce the noise from the scanner. A pelvic belt stabilizing the subject on
the table of the scanner was used to limit the potential movement in-
duced by the RIII reflex or the counterirritation procedure. Each partic-
ipant underwent one high-resolution anatomical scan in addition to



Piché et al. e Neural Processes of Counterirritation Analgesia J. Neurosci., November 11, 2009 « 29(45):14236 —14246 « 14239

A Brain regions showing changes in shock-evoked activity during counterirritation
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Figure 4. Modulation of shock-evoked brain responses during counterirritation. 4, Contrast of shock-evoked activity induced during baseline versus counterirritation (see Table 1 for peak T
values). B, €, Multiple regression analysis showing decreased shock-evoked activity during counterirritation proportional to analgesia (B) and RIll modulation (C). Scatter plots illustrate the
individual pain and RIll modulatory effects in relation to the respective change in shock-evoked brain response (see Table 2, top and bottom, respectively, for peak T values).

functional scans. The anatomical scan was a TIl-weighted high-  sequence (TR: 3.0 s with an intervolume delay of 500 ms; TE: 30 ms; flip
resolution scan [repetition time (TR): 13 ms; echo time (TE): 4.92 ms; angle: 90°% 64 X 64 matrix; 150 volume acquisitions). Electrical stimula-
flip angle: 25° field of view: 256 mm; voxel size: 1 X 1 X 1.1 mm]. The  tion was always administered during the intervolume delay, thereby
functional scan was collected using a blood oxygen level-dependent  avoiding the potential contamination of fMRI images by shock-induced
(BOLD) protocol with a T2*-weighted gradient echo-planar imaging  artifacts and EMG recordings by RF-pulse artifacts. The scanning planes
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were oriented parallel to the anterior—posterior commissure line and
covered the entire brain from the vertex of the cortex to the first segments
of the spinal cord (41 contiguous 5-mm-thick slices; voxel size, 3.44 X
3.44 X 5 mm).

fMRI data analyses. Brain imaging data were analyzed using SPM2
(Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk/spm/). Preprocessing included slice-time
correction and realignment for movement correction. Due to excessive
movement, one subject was excluded from all analyses (peak instanta-
neous movement = 1.25 mm; maximum instantaneous movement tol-
erated in all other subjects =0.5 mm). Anatomical and functional images
were spatially normalized to a standard stereotaxic space using the Mon-
treal Neurological Institute (MNI) template (Evans et al., 1993). Subse-
quently, functional images were spatially smoothed using a Gaussian
kernel of twice the voxel size (FWHM: 7 X 7 X 10 mm), temporally
filtered using a high-pass filter with a cutoff period of 240 s, and were
corrected for serial autocorrelation using the AR(1) correction imple-
mented in SPM.

The effects of interest were assessed using general linear models for
each scan (counterirritation and control). For the counterirritation scan,
individual contrasts were generated using a mixed-design model. The 2
min foot immersion was modeled as a 2 min block, while the 35 shocks
were assigned to four event-related conditions: prebaseline shocks (5),
baseline shocks (10), counterirritation shocks (10), and recovery shocks
(10). For the control scan, the 40 shocks were assigned to five event-
related conditions to mimic the counterirritation paradigm: prebaseline
(5), block 1 (10), block 2 (10), block 3 (10), and shocks of no interest (5).
For both scans, these vectors were convolved with a canonical hemody-
namic response function. In addition, movement parameters from the
realignment procedure were entered as six regressors of no interest to
remove potential movement-related variance/artifacts. These two mod-
els (one for counterirritation and one for control) allowed assessing
shock-evoked activity (contrast 1: baseline shocks/block 1, 10 stimula-
tions), changes in shock-evoked activity during counterirritation/block 2
(contrast 2: counterirritation shocks/block 2 vs baseline shocks/block 1),
changes in shock-evoked activity during recovery (contrast 3: recovery
shocks/block 3 vs baseline shocks/block 1), and sustained activity evoked
by the 2 min foot immersion (contrast 4: only for the counterirritation
scan). For the group analyses, these individual contrasts were combined
in random-effect models with the one-sample # test function. Parameter
estimates for shock-evoked activity during baseline/block 1, counter-
irritation/block 2, and recovery/block 3 were also extracted from re-
gions that were significantly modulated by counterirritation (Table 1).
Repeated-measures ANOVAs were then performed to assess changes in
shock-evoked activity across blocks of stimuli and between the counter-
irritation and the control scans (supplemental Table S1, available at www.
jneurosci.org as supplemental material).

The relation between brain activity and changes in pain and RIII reflex
during counterirritation and recovery was further tested using multiple-
regression models examining the magnitude of the modulation of shock-
evoked activity during counterirritation (contrast 2) and during recovery
(contrast 3). These models included subject-regressors corresponding to
the magnitude of analgesia and RIII modulation (see Pain ratings and
RIII reflex recording and analyses). Subsequently, to test the relation
between sustained activity evoked by the foot immersion in cold water
and analgesia and RIII reflex modulation, individual contrasts for sus-
tained activity evoked by the 2 min foot immersion (contrast 4) were
entered in a multiple-regression random-effect model with regressors for
analgesia and RIII modulation. These analyses were performed with mul-
tiple regression models to assess brain activity that is more specifically
related to analgesia or RIII modulation. Pearson’s correlation coeffi-
cients were also determined for each significant peak related to analgesia
or RIII modulation.

In a subsequent analysis, Pearson’s correlations were performed to
test the relation between sustained counterirritation activity and
shock-evoked activity. Parameter estimates in brain regions activated
by counterirritation and specifically related to analgesia were corre-
lated to parameter estimates of brain regions showing decreased
shock-evoked activity specifically related to analgesia. In the same
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Table 2. Brain regions in which changes in shock-evoked responses during
counterirritation were specifically related to analgesia or RIll modulation
(directed search)

Brain area BA”  Side® t oyt
Specifically related to analgesia
Postcentral gyrus (SI) -3 L 508 047 —14,—41,80
Cingulate cortex
ACC 32 — 439 049 3,21,40
McC 24 — 424 05 3,—17,30
PCC 31 L 409 055 —14,—4535
31 L 517 049 —7,—31,30
PFC
Middle frontal gyrus 9/46 R 520 029 41,41,25
10 R 7201 0.72 24,52, =5
OFC n R 4.94% 0.55 31,48, —10
AMY — L 474 049 —21,0,—20
— L 3.51 029 —17,—7,—15
Specifically related to RIll modulation
SMA 6 L 567 033 —7,0,65
6 — 499 042 0, —14,75
aNS — 1 3.83 039 —38,17,0
PFC
Middle frontal gyrus 10 L 456 020 —45,41,15
OFC n L 440 047 —24,38,—10

Peaks of activity were thresholded at p < 0.005 uncorrected. “BA, Putative Brodmann area. °R, Rightipsilateral side;
L, left contralateral side. “Coordinates are reported in MNI space. *p << 0.05 corrected for multiple comparisons for
the search volume, using the random field theory, minimum 3 voxels per cluster.

way, parameter estimates of brain regions activated by counterirrita-
tion and specifically related to RIII inhibition were correlated to pa-
rameter estimates of brain regions showing decreased shock-evoked
activity specifically related to RIII inhibition. These correlations were
thresholded at p < 0.05 Bonferroni corrected for multiple
comparisons.

Coactivation analyses were also performed to assess the brain net-
works involved in pain and RIII reflex modulation. Considering that
sustained activity produced by counterirritation in OFC was the stron-
gest peak related to analgesia (see Results; see also Fig. 5A and Table 3,
top) and considering that OFC has been previously involved in analgesia,
it was selected as the seed region. For RIII modulation, the PAG area
correlated to RIII modulation (see Results; see also Fig. 5B and Table
3, bottom) and was selected as the seed region considering its well
documented role in descending modulation of spinal nociceptive re-
sponses. The time courses of OFC and PAG were extracted (6 mm
sphere) for the 150 volumes in each individual model. These time
courses were then used as regressors in two separate models (OFC and
PAG). Individual contrasts for OFC-related and PAG-related coacti-
vations were then generated and used in group analyses (one-sample
t test random-effect models). These models lead to statistical maps of
networks associated with the analgesia-related peak in OFC and with
the RIII-modulation peak in the PAG (see Results) (see Fig. 7 and
Table 4).

In all analysis models tested, a directed search was conducted over
brain areas receiving nociceptive afferents and/or involved in the regula-
tion of nociceptive processes (Apkarian et al., 2005). We hypothesized
that structures previously shown to respond to phasic noxious stimula-
tion, namely the thalamus, primary and second somatosensory cortices
(SI-foot area and SII), the supplementary motor area (SMA), the aINS
and posterior insula (pINS), the middle and anterior cingulate cortex
(MCC and ACC), the amygdala and parahippocampal gyrus (PHG), the
orbitofrontal cortex (OFC), and the prefrontal cortex (PFC), would show
decreased shock-evoked activity during counterirritation. We also hy-
pothesized that individual differences in analgesia and RIII reflex mod-
ulation would be associated with the activity of brain structures
previously involved in modulation of nociceptive activity, including the
PAG (Petrovic et al., 2002; Tracey et al., 2002; Valet et al., 2004; Bingel et
al., 2006; Fairhurst et al., 2007), SI, SII, and motor cortex (Yezierski et al.,
1983; Passard et al., 2007; Wise et al., 2007), cingulate cortex (Faymonville et
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Sustained brain activation induced by the counterirritation stimulus associated with the magnitude of analgesia () and Rill inhibition (B) (see Table 3, top and bottom, respectively,

for peak Tvalues). Note one outlier in the analysis of Sl activity (B, right scatterplot, data pointin parenthesis). Excluding this point led to a large effect (r2 = 0.78).pACC, Pregenual anterior cingulate
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al., 2000; Frankenstein et al., 2001; Valet et al., 2004; deCharms et al.,
2005; Bingel et al., 2006,) anterior insula (Wise et al., 2007), entorhinal
cortex (Ploghaus et al., 2001), orbitofrontal cortex (OFC) (Petrovic and
Ingvar, 2002), and amygdala (Zubieta et al., 2001). The size of this search
volume was used to account for multiple-comparison in determining the
statistical threshold.

A threshold of p-corrected < 0.05 was applied to search for significant
activation in target structures, corresponding to a directed-search vol-
ume estimated at 109.58 resels [resel size estimated using the effective
FWHM; one-tail tests; Bonferroni-corrected for multiple comparisons
based on the random field theory (Worsley et al., 1992)]. This corrected
p value applied to directed searches corresponds to an uncorrected p <
0.0009. Activation maps were also examined using a more permissive
criterion ( p-uncorrected <0.005) to minimize the risk of type II error.
This tested the activation of brain structures previously shown to be
involved in pain and/or pain modulation.

Results

Pain and RIII modulation

The sustained counterirritation stimulus produced strong pain
(mean = SEM: 70.3 * 4.2) and produced a robust analgesia on
phasic pain with baseline shock-pain reduced by ~50% during
counterirritation (baseline: 43.8 = 5.8; counterirritation: 22.4 *=
5.1, p < 0.01) (Fig. 2). Furthermore, analgesia was partly main-
tained during the recovery period, as shock pain remained
slightly but significantly diminished relative to baseline (recov-
ery: 37.6 £ 6.6, p < 0.05) (Fig. 2).

On the other hand, the decrease in RIII reflex amplitude dur-
ing counterirritation (129.2 = 19.4 wV) and recovery (129.5 =
24.2 wV) compared with baseline (162.9 = 34.6 V) did not
reach statistical significance at the group level ( p values >0.1)
(Fig. 3A). Moreover, the changes in RIII reflex and pain produced
by counterirritation were not significantly related (p = 0.16, p =
0.63). However, analyses of individual subjects revealed that a
subgroup of 4 participants presented a robust and significant
decrease in RIII reflex amplitude during counterirritation (Fig.
3B). In the other subjects, RIII reflex amplitude remained un-
changed or increased slightly. Figure 3 shows one subject in

Table 3. Sustained activity evoked by counterirritation and specifically related to
analgesia or Rlll inhibition (directed search)

Brain area BA?  Side® t rroxyt
Regions specifically related to analgesia
mPFC 0 — 344 035 0,65,10
OFC 11/47 L 5.26* 0.65 —28,31, —20
Regions specifically related to RIll inhibition
Somatosensory cortex (SI) -3 — 341 03 0, —41, 60
SMA 6 R 4.26 0.65 7, —10,75
PCC 23 — 375 037 0, —24,30
Midbrain (PAG) — — 374 036 —3,—-31,-5
Midbrain (lateral) — L 3.78 039 —10, —28, —15

Peaks of activity were thresholded at p << 0.005. *p << 0.05 corrected for multiple comparisons for the search
volume, using the random field theory, minimum 3 voxels per cluster. %BA, Putative Brodmann area. °R, right
ipsilateral side; L, left contralateral side. “Coordinates are reported in MNI space.

whom the RIII reflex was significantly inhibited by counterirrita-
tion (Fig. 3C) and one subject showing no significant modulation
(Fig. 3D). For the control scan, RIII reflex amplitude remained sta-
ble across the three blocks of electric shocks (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). More-
over, individual analyses also revealed no significant modulation of
RIII reflex amplitude across blocks of stimuli (all p values >0.12).

Changes in shock-evoked brain activity

during counterirritation

Baseline electric shocks evoked robust activation in several pain-
related areas (supplemental Fig. S2, available at www.jneurosci.
org as supplemental material). This event-related response was
significantly decreased during counterirritation in bilateral thal-
amus, SI, precentral gyrus (PrCG), ACC, MCC, and SMA; left
contralateral SII, pINS, and PFC; and right ipsilateral aINS and
PHG (Fig. 4A, Table 1). The decrease in shock-evoked activity
during counterirritation is further described by a significant de-
crease in parameter estimates of these regions for baseline versus
counterirritation shocks (supplemental Table S1, available at
www.jneurosci.org as supplemental material). Together, these
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results indicate that brain responses to
phasic painful stimuli were consistently
decreased during counterirritation. De-
crease in shock-evoked activity during re-
covery was also significant in some pain-
related regions, as shown in supplemental
Figure S3A (available at www.jneurosci.
org as supplemental material). This cor-
roborates the persistent inhibition of
phasic shock pain during the recovery pe-
riod. In contrast, shock-evoked activity
was very stable across the three blocks of
electric shocks during the control scan
(supplemental Table S1, available at www.
jneurosci.org as supplemental material).
Moreover, the changes in shock-evoked
activity for counterirritation versus base-
line were significantly different from
changes in shock-evoked activity for block
2 versus block 1 in the control scan (sup-
plemental Table S1, available at www.
jneurosci.org as supplemental material). This
clearly indicates specific effects of counterirri-
tation on shock-evoked brain activity.
Changes in shock-evoked activity during
counterirritation were further examined us-
ing multiple regressions. These analyses re-
vealed that subjects reporting stronger
counterirritation analgesia displayed larger
decreases in shock-evoked responses in con-
tralateral SI, posterior cingulate cortex
(PCC), and AMY; ipsilateral PFC and OFC;
and bilateral ACC and MCC (Fig. 4 B, Table
2, top). On the other hand, the changes in
RIII amplitude were associated with the  right.
magnitude of the modulation of shock-
evoked responses in contralateral SMA, aINS, PFC, and OFC and
bilateral SMA (Fig. 4C, Table 2, bottom). Some of these correlations
are illustrated with scatter plots in Figure 4, B and C, respectively.
Changes in shock-evoked responses that were specifically related to
analgesia or RIII modulation during recovery are shown in supple-
mental Figure S3, B and C (available at www.jneurosci.org as sup-
plemental material).

Figure 6.

Sustained brain activity evoked by the

counterirritation stimulus

Counterirritation induced sustained activation in common
pain-related areas (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material). In addition, strong ac-
tivation was found in the midbrain and the pons, consistent with
the recruitment of the PAG and the reticular formation during
tonic pain. Regression analyses were performed to reveal brain
regions where the magnitude of cold-pain activation predicted
the decrease in shock pain (i.e., counterirritation analgesia) or
predicted the changes in shock-evoked RIII responses. Sustained
cold-pain activity in ipsilateral OFC and bilateral medial prefron-
tal cortex (mPFC) was specifically related to counterirritation
analgesia (Fig. 5A, Table 3, top). On the other hand, activity in
bilateral SI, PCC, and midbrain (consistent with the location of
the PAG) and contralateral SMA was specifically related to RIII
modulation (Fig. 5B, Table 3, bottom). Interestingly, analgesia-
related activity in OFC strongly predicted inhibition of shock-
evoked activity in AMY (Fig. 6).

Inhibition of

shock-evoked activity
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Activity induced by
counterirritation

Counterirritation analgesia

12 -

AMY inhibition

N

4 4

Sustained activity in OFC

Sustained activation of the OFC predicts the inhibition of shock-evoked activity in the amygdala. Counterirritation
produced a robust and sustained activation of lateral OF Cipsilateral to the footimmersion that was strongly correlated to analgesia
(top brain slice). Counterirritation also produced a robust inhibition of shock-evoked activity in the left amygdala, contralateral to
the shock (bottom brain slice). The activity of these two structures was strongly associated, as illustrated by the scatter plot on the

Coactivation analyses

The analgesia-related peak in OFC was coactivated with a brain
network including subregions of the cingulate cortex (PCC,
ACC, and subgenual ACC), aINS, AMY, PHG, mPFC, and OFC
(Fig. 7A, Table 4, Regions coactivated with analgesia-related
OFC). On the other hand, structures coactivated with the RIII-
modulation peak in the PAG included SI, paracentral lobule
(PCL), SMA and pre-SMA, ACC, PCC, PHG, PFC, thalamus,
pons, and medulla (RVM) (Fig. 7B, Table 4, Regions coactivated
with RIII-modulation peak in the PAG). Notably, the OFC-
related activity did not include brainstem or thalamic structures,
while the PAG-related activity did not involve the OFC, suggest-
ing atleast a partial segregation between networks associated with
analgesia and RIII modulation during counterirritation.

Discussion

This is the first study to examine the effects of counterirritation
on pain perception and RIII reflex amplitude concurrently with
BOLD measures of brain activity. As expected, counterirritation
produced strong analgesia that persisted during the recovery pe-
riod. On the other hand, RIII reflex amplitude was decreased by
counterirritation but this effect reached statistical significance
only in some subjects. The modulatory effects of counterirrita-
tion were paralleled by decreased shock-evoked activity in several
pain-related brain areas. Moreover, the counterirritation stimu-
lus produced sustained activation in brain areas involved in cor-
tical modulation of pain and descending modulation of spinal
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Neural networks related to analgesia and RIll modulation

A Brain regions coactivated with analgesia-related peak in OFC
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Functional connectivity analysis. 4, Brain regions coactivated with the analgesia-related peak in OFC. B, Brain regions coactivated with the RIll-modulation peak in the PAG. The inset

is an enlargement of the RVM area. See Table 4, Regions coactivated with analgesia-related OFC and Regions coactivated with Rlll-modulation peak in the PAG, respectively, for peak T values. PPC,

Posterior parietal cortex; RS, retrosplenial cortex.

nociception. Furthermore, coactivation analyses revealed that
distinct brain networks were related to analgesia or RIII modula-
tion. Together these results are consistent with the hypothesis
that the effects of counterirritation involve both cerebral and
cerebrospinal processes.

The modulation of pain by counterirritation

In the present study, shock pain to the right ankle was reduced by
~50% during the immersion of the left foot in painfully cold
water. Moreover, the analgesic effects of counterirritation per-
sisted over the counterirritation period, indicating that analgesia
to electric shocks cannot be explained solely by distraction. These
results are similar to those reported in previous studies on coun-
terirritation using ischemic or cold pain (Pertovaara et al., 1982;
Jungkunz et al., 1983; Chen et al., 1985; Talbot et al., 1987). Here,
specific modulation of brain responses further corroborated
those modulatory effects.

The noxious shocks and the counterirritation stimulus acti-
vated a similar network of pain-related areas (see supplemental
material, available at www.jneurosci.org), consistent with previ-
ous imaging studies investigating brain responses to experimen-
tal pain stimulation (Apkarian et al., 2005). Counterirritation
analgesia further produced changes in shock-evoked responses in
several pain-related brain areas, which were significantly greater
than changes in the control condition (supplemental Table S1,
available at www.jneurosci.org as supplemental material). Most
notably, the phasic responses in SI, ACC, PFC, and the amygdala

were decreased specifically in relation to the extent of analgesia.
This further supports the role of these structures in pain-related
processes (Rainville et al., 1997; Coghill et al., 1999; Hotbauer et
al., 2001; Bornhovd et al., 2002; Biichel et al., 2002). Several
mechanisms may have contributed to this robust and specific
decrease in phasic pain-related brain responses.

The counterirritation stimulus produced sustained activation in
several pain-related areas including SI, ACC, aINS, PFC, and OFC, as
well as the midbrain (PAG area) and the pons. This is consistent with
the recruitment of processes involved in the cortical modulation of
pain (Faymonville et al., 2000; Petrovic and Ingvar, 2002; Bingel et
al., 2006) as well as descending modulation of spinal nociceptive
activity (Yezierski et al., 1983; Zhang et al., 1997; Jasmin et al., 2003),
which potentially modulated shock-evoked brain activity. Impor-
tantly, the inhibition of phasic pain responses in ACC, PFC, and
amygdala is consistent with the release of endogenous p-opioids in
those structures during sustained pain (Zubieta et al., 2001). This
implies that local autoregulatory processes (e.g., opioidergic) trig-
gered by sustained pain and affecting phasic pain responses may
contribute to counterirritation analgesia. These local inhibitory ef-
fects may further be regulated by some of the brain structures acti-
vated by the counterirritation stimulus.

In line with this, sustained activity in left OFC during coun-
terirritation was specifically related to the extent of analgesia (Fig.
5A). Moreover, sustained OFC activity covaried with the activity
of PHG/amygdala (Fig. 7) and predicted the reduced amygdala
response to acute shock-pain (Fig. 6). These results are consistent
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Table 4. Brain networks associated with the analgesia-related peak in OFC and the Rlll-modulation peak in the PAG (directed search)

Regions coactivated with analgesia-related OFC

Regions coactivated with Rlll-modulation peak in the PAG

Brain area BA® Side® t Xy BA” Side® t Xy
Postcentral gyrus (SI) — — — — 1-3 R 9.29 3, —48,70
PCL — — — — 5 R 7.83 —3, —41,50
Motor cortex
SMA — — — — 6 — 10.67 0,—10,70
Pre-SMA — — — — 6/8 — 11.08 0,17,65
Cingulate cortex
ACC 24/32 L 8.29 —7,10,40 32 R 6.22 10,7, 45
32 L 5.65 —7,21,35 32 — 8.1 —3,38,20
24/32 R 7.81 10, 21,30 — — — —
32 — 6.61 0,31,25 — — — —
Subgenual ACC 32 — 8.10 —3,24,—10 — — — —
PCC 23 — 6.73 0, —31,25 23 L 6.29 —10, —24, 40
— — — — 31 R 6.23 —7,—48,30
Retrosplenial cortex — — — — 30 — 10.05 —3,—4510
aINS — L 6.78 —45,7, =5 — — — —
PHG 37 L 5.90 —24, —41,-10 35 R 8.12 21,—17,-30
36 R 6.10 34, —10, —20 35 R 6.97 17,—-31,—10
AMY/PHG — L 6.70 —31,-3,-20 — — — —
PFC
Medial frontal gyrus 10/32 L 9.36 —7,45 —15 9 — 9.23 —3,45,30
— — — — 9 L 11.23 —10,52,25
— — — — 10 R 11.12 7,62,15
Inferior frontal gyrus 47 L 8.56 —45,21, —15 9 L 11.80 —55,7,30
47 L 7.86 —41,14, —10 46 L 7.84 —45,45,10
46 L 6.42 —52,34,15 46 R 8.27 52,41,10
Middle frontal gyrus 10 L 6.50 —45,45,15 46 L 8.23 —41,34,25
46 R 7.43 48,17,25 9 R 9.00 52,7,40
10 R 6.94 31,45,25 9 R 7.40 31,34,33
10 R 6.31 38,48,0 10 R 1.27 45,52,5
— — — — 10 R 5.89 41,58,0
Superior frontal gyrus 9 R 6.61 38, 34,35 10 R 10.21 31,62, 20
OFC " R 1030 28,34, —15 — — — —
n R 9.97 21,21, =15 e e — —
n R 7.78 17,34, —20 — — — —
Thalamus — — — — — L 7.06 —3,—-14,10
— — — — — L 6.86 =17, —21,15
— — — — — R 8.20 7,—14,—10
Pons — — — — — L 6.91 —7,—24,-35
— — — — — R 6.13 10, —28, —40
Pons/medulla (RVM) — — — — — — 8.15 —3,—24, —45

Peaks of activity were thresholded at p << 0.05 corrected for multiple comparisons for the search volume, using the random-field theory, minimum 3 voxels per cluster. “BA, Putative Brodmann area. °R, right ipsilateral side; L, left

contralateral side. ‘Coordinates are reported in MNI space.

with the anatomical connection between OFC and amygdala (Krin-
gelbach and Rolls, 2004), and may reflect a corticoamygdaloid
regulation of endogenous opioid release during the application of
the counterirritation stimulus (Zubieta et al., 2001). Activation of
this emotional brain network (Goldin et al., 2008) is seldom
found in pain imaging studies (Apkarian et al., 2005) but may be
particularly important for the understanding of pain modulation
[e.g., Petrovic and Ingvar (2002) and Petrovic et al. (2004)].
When a strongly aversive counterirritation stimulus is processed
concurrently to a phasic noxious stimulus, the involvement of the
OFC may reflect the assessment of the two competing stimuli,
consistent with its role in the representation of appetitive/aver-
sive value [for review, see Kringelbach and Rolls (2004) and
Rolls and Grabenhorst (2008)]. Here, we suggest that OFC ac-
tivation by counterirritation pain reflects the higher threat value
of sustained pain, which in turn downregulates the processing of
the phasic pain stimulus.

Modulation of spinal nociception by counterirritation
Despite the robust analgesic effect, the decrease in RIII reflex
amplitude reached statistical significance only in a subset of par-

ticipants. Furthermore the changes in pain did not correlate with
changes in RIII reflex amplitude. This result indicates a dissocia-
tion between RIII reflex amplitude and pain perception and is
consistent with some previous studies using segmental (Terkelsen et
al., 2001) and heterosegmental (Willer et al., 1979) counterirrita-
tion. One possible explanation is that counterirritation may in-
fluence motoneuron excitability independently from its effects
on ascending sensory signals, resulting in the observed uncou-
pling between motor-reflex responses and pain perception. How-
ever, this possibility appears unlikely because motoneuron
excitability, as measured by the monosynaptic H-reflex, is not
modulated by nociceptive segmental stimulation (Ge et al., 2007)
nor by counterirritation (Willer et al., 1989). Therefore, the sen-
sorimotor dissociation found in the present study most likely
originates from supraspinal mechanisms affecting pain and cere-
brospinal modulation separately.

Changes in shock-evoked activity were related to RIII modu-
lation in pain-related areas, including aINS, SMA, and OFC.
Modulation in the insula may reflect the changes in ascending
sensory activation induced by the shock and the engagement of
spinothalamocortical nociceptive pathways. In contrasts, the
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modulation found in the SMA and OFC may reflect sensorimo-
tor feedback associated with the RIII response, consistent with
their role in motor/behavior regulation (Picard and Strick, 1996;
Fuster, 2001; Paus, 2001; Kringelbach, 2005). Thus, the magni-
tude of the spinal sensorimotor output evoked by noxious stim-
ulation would predict the extent of cortical motor regulation in
SMA and OFC. In line with this interpretation, the modulation of
the phasic shock-evoked response in OFC is consistent with its
role in the evaluation of the punishing value of stimuli. Indeed,
the amplitude of the nociceptive flexion reflex provides a low-
level estimate of the aversiveness of the stimulus. Changes in
shock-evoked activity in OFC may therefore represent the rela-
tively reduced punishing value of electric shocks during counter-
irritation, proportionally to the ongoing modulation of spinal
nociceptive processes.

Interestingly, RIII reflex modulation was also related to activa-
tions partly different from those associated with counterirritation
analgesia. This is consistent with the sensorimotor dissociation
found in the present and previous studies (Willer et al., 1979;
Terkelsen et al., 2001) and demonstrates that pain perception and
nociceptive motor reflexes are regulated, at least partly, by differ-
ent neural processes. Accordingly, stronger sustained activation
of the PAG during counterirritation was specifically related to
decrease RIII reflex amplitude. Similarly, sustained SI activation
correlated with the reduction in the RIII response, an observation
that points to a potential role of SI in spinal modulation. This
possibility is consistent with SI projections to the dorsal horn
of the spinal cord (Cheema et al., 1984; Ralston and Ralston,
1985; Casale et al., 1988) and with the inhibitory effect of this
pathway on nociceptive spinothalamic cells (Yezierski et al.,
1983). Furthermore, based on the coactivation analysis, sev-
eral additional areas, including the motor, supracallosal cin-
gulate, and prefrontal cortices, may contribute to this
descending regulatory system.

The coactivation analysis further revealed that PAG activity
covaried with RVM activity, consistent with their anatomical
connections and their important role in descending modulation
(Basbaum and Fields, 1984; Morgan et al., 2008). However, al-
though the PAG can modulate counterirritation effects (Bouhassira
et al., 1992b), it is not directly involved in DNIC (Bouhassira et
al., 1990). Instead, DNIC is thought to mediate counterirritation
effects on spinal nociceptive processes by the recruitment of the
caudal medulla (De Broucker et al., 1990; Bouhassira et al.,
1992a). The caudal medulla was not activated in the present
study, but the absence of significant modulation of RIII in a sub-
group of participants may have contributed to this negative
result. Another possibility is that the fMRI methods used in
this study may not have been sensitive enough to detect its
activation. This last possibility seems quite likely, since the
caudal medullary area (more specifically the subnucleus dor-
salis reticularis or dorsal reticular nucleus) implicated in
DNIC is a very small reticular region difficult to image using
fMRI. Therefore, the correlations between RIII reflex modulation
and brain activity in the present study should be interpreted with
caution, as they may also reflect competing pronociceptive seg-
mental or cerebrospinal processes at least in some subjects. Fu-
ture studies may help clarify this ambiguity by determining how
differences in the inhibition or facilitation of the reflex induced
by psychological factors during counterirritation (Goffaux et al.,
2007; M. Piché, M. Bouin, P. Poitras, and P. Rainville, unpub-
lished observations) may relate to different modulatory brain
processes.
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Conclusion

The present study shows that modulatory effects of counter-
irritation on pain perception and spinal nociception are ac-
companied by a specific decrease in shock-evoked activity in
pain-related areas and by sustained activation in brain areas
involved in the cortical modulation of pain. Results suggest that
the OFC is involved in the representation of the relative aversive
value of competing noxious stimuli and may regulate phasic
pain-related responses in the amygdala and the thalamocortical
networks. In contrast, the modulation of spinal nociceptive pro-
cesses was more consistently associated with activation of SI and
the PAG. These results provide evidence for distinct cerebral and
cerebrospinal mechanisms underlying the modulation of pain
and RIII reflex by counterirritation. This experimental model fur-
ther provides ground for future investigations of the cerebral and
cerebrospinal mechanisms underlying cognitive and pharmacolog-
ical modulation of pain-related processes in healthy volunteers and
patients with chronic pain.
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