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HIGHLIGHTS

e The mechanisms underlying conditioned pain modulation are multifaceted.

® During cold, application-specific cerebral activations were found in precuneus and left insula.
e Conditioned suppression of insula test-pain response was related to hypoalgesia.

® The insular changes are predicted by early prefrontal response to cold conditioning.

e Smaller early prefrontal response predicts heterotopic noxious hyperalgesia.
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conditioning and modulation of the cerebral response to phasic heat pain.

In 24 healthy female subjects, we conditioned laser heat stimuli to the left hand by applying alter-
natively ice-cold or lukewarm compresses to the right foot. We compared pain ratings with cerebral
fMRI BOLD responses. We also analyzed the relation between CPM and BOLD changes produced by the
heterotopic cold conditioning itself, as well as the impact of anxiety and habituation of cold-pain ratings.

Specific cerebral activation was identified in precuneus and left posterior insula/SIl, respectively, during
early and sustained phases of cold application. During cold conditioning, laser pain decreased (n=7),
increased (n=10) or stayed unchanged (n=7). At the individual level, the psychophysical effect was
directly proportional to the cold-induced modulation of the laser-induced BOLD response in left posterior
insula/SIIL. The latter correlated with the BOLD response recorded 80 s earlier during the initial 10-s phase
of cold application in anterior cingulate, orbitofrontal and lateral prefrontal cortices.
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Abbreviations: ACC, anterior cingulate cortex; BOLD, blood oxygenation level-dependent response; fMRI, functional magnetic resonance imaging; FWER, family-wise
error rating; NRS, numeric rating scale; OFC, orbitofrontal cortex; PAG, periaqueductal gray matter; PFC, prefrontal cortex; SMA, supplementary motor area; SI and SII,
primary and secondary somatosensory cortices; VOI, volume of interest.
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High anxiety and habituation of cold pain were associated with greater laser heat-induced pain during
heterotopic cold stimulation. The habituation was also linked to the early cold-induced orbitofrontal

responses.

We conclude that individual differences in conditioned pain modulation are related to different levels
of prefrontal cortical activation by the early part of the conditioning stimulus, possibly due to different

levels in trait anxiety.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Endogenous pain control is a complex multi-step process com-
posed of several interacting neuronal systems and mechanisms:
stimulation-induced analgesia [1], diffuse noxious inhibitory con-
trols [2], ascending nociceptive control [3] and placebo analgesia
[4], distraction or disengagement [5,6], stress-induced analgesia
[7], and “offset” analgesia [8,9].

Diffuse noxious inhibitory controls (DNIC) are a form of
supraspinal endogenous analgesia where phasic test pain
responses are attenuated by heterotopic noxious conditioning
stimuli.

The term “conditioned pain modulation” (CPM) was proposed
to define the psychophysical paradigm to test DNIC [10,11]. In
humans, the conditioning stimulus modulating the response to the
test stimulus can be painful or non-painful and CPM can inhibit or
facilitate this response [11]. CPM can be associated with changes
in neuronal activity at multiple sites from spinal cord dorsal horn,
medullary nucleus reticularis dorsalis, periaqueductal gray matter
[12-14] to prefrontal cortex [15,16]

Understanding the mechanisms involved in CPM is important
because it is impaired in several hyperalgesic conditions (see
for a review [17]: tension-type headache [18], migraine [19,20],
fibromyalgia [21,22], irritable bowel syndrome [23], osteoarthritis
[24] and chronic post-surgical pain [25].

Functional neuroimaging studies have shown that activations of
primary somatosensory (SI), prefrontal (PFC) or anterior cingulate
cortices (ACC) are associated with conditioned pain modula-
tion [15,16,26]. The PFC, for instance, is activated in healthy
controls by heterotopic cold stimulation during rectal pain
[23,27]. Sustained cold-induced responses in orbitofrontal cor-
tex (OFC) are linked to cold-induced analgesia [15]. Functional
coupling between the subgenual anterior cingulate cortex (ACC)
and PAG is related to stronger individual heterotopic noxious
analgesia [16].

The mechanisms of endogenous analgesia are clearly multi-
faceted and despite the numerous studies in healthy subjects and
in pathological conditions, the precise underlying neural processes
are still uncertain. Moreover, pain is a highly subjective experience
and can be influenced by differences in individual susceptibility as
well as personality. The aim of our study was therefore to search for
a link between individual differences in activity of cerebral regions
of interest during multi-trial heterotopic noxious conditioning and
modulation of the responses to test pain stimuli.

To assess brain activity, we analyzed fMRI BOLD responses pha-
sic laser heat-induced test pain with or without sustained noxious
cold conditioning and their correlation with self-ratings of pain lev-
els. We focused on the modulation of test-pain responses in the
so-called “pain matrix” [28] and the links between the individual
differences in CPM and preceding or concurrent neuronal responses
to noxious cold conditioning in prefrontal areas (ACC, lateral PFC
and OFC).

Contrary to the above-mentioned studies, we used a repeated
block paradigm of noxious cold conditioning alternating with
lukewarm application, which allows identifying more precisely

responses in PFC to noxious cold stimulation and reduces novelty
effects.

We expected that continuous cold pain stimulation would
reduce self-ratings of laser heat-induced pain and associated cere-
bral responses in the pain matrix. In those areas of PFC known from
previous studies to be involved in descending analgesia (ACC, lat-
eral PFC and OFC), we searched for cold-induced activation, but also
for possible deactivation, as reported in ACC [29] and PFC areas [30].
We hypothesized that individual differences in PFC responses to
cold pain would correlate with levels of CPM.

2. Material and methods
2.1. Subjects

Twenty-four healthy female volunteers (mean age: 31.3 years,
range: 24-45 years) took part in the main experiment and four
subjects participated in a pilot study.

None of the subjects was suffering from pain, neurological or
psychiatric disorders. All subjects signed an informed consent form
that mentioned the general objective, i.e. to study the impact of a
cold stimulus on pain and physiological brain responses induced by
laser heat stimuli, and were thus naive about our working hypothe-
sis. They received a financial compensation for travel expenses and
time spentin the laboratory. The Ethics Committee of the University
of Liege approved the study.

2.2. Experimental protocol

Laser heat pulses delivered to the dorsum of the left hand served
as painful test stimuli, whereas sustained noxious cold applied on
the right foot was used as the conditioning stimulus. Ten blocks
of cold stimulation (1205s) alternated with 11 blocks of lukewarm
stimulation (100 s). Single laser stimuli were delivered once 40s
before the end of each block (Fig. 1).

For the conditioning stimulation, we used an approach similar
to that of Sprenger et al., who used 12 small bags (600 g of ice and
250 ml of water) to cover the whole surface of the leg and the foot
[16]. We applied two larger bags (2L of crushed ice and 200 ml
of water) to the foot only. There were several bags prepared in
advance. They were kept in foam boxes when not applied to the sub-
ject.Besides compress bags some additional ice was always present
in the container. We controlled the temperature of the ice bags. In
general, the temperature in CPM experiments is adjusted by a cir-
culation circuit (5-8°C) [31,32] or a still ice water bath (4-6°C)
[15,33] such as to be tolerable. In our experiment, the temperature
was about +2°C and did not change significantly throughout the
experiment. This was achieved by a large proportion of ice in the
bags and the storage container, which maintained a low temper-
ature during the melting process. Our mode of cold conditioning
resulted in a relatively less powerful noxious stimulation, but all
our subjects were able to tolerate repetitive 2-min noxious cold
applications during the entire experimental session.

The same investigator (A.V.) manually applied the compresses
over the right foot of the subjects in the scanner room.
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Fig. 1. Experimental protocol. Continuous lukewarm +35°C (W) and cold 2 + 2 °C (C) stimulation is applied to the right foot of the subjects. At the end of each lukewarm and

cold block, a single laser pulse (L) is applied to the dorsum of the left hand.

Laser pulses (test pain) were generated by a thulium YAG laser
(Baasel Lasertech, Starnberg, Germany) that emits calibrated near-
infrared radiation (wavelength 1.96 m; spot diameter 5 mm; pulse
duration 1 ms, energy 600 mJ). To familiarize the subjects with the
procedure, three laser pulses were administered before the begin-
ning of the experiment. This experiment was realized using Cogent
2000 (Cogent 2000 team and Cogent Graphics developed by John
Romaya at the Welcome Department of Imaging Neuroscience).

2.3. Behavioral data acquisition

Before the fMRI study, the subjects filled in the French version of
Spielberger’s trait anxiety inventory [34,35]. They were informed
that they should be attentive to the level of pain produced by the
heat stimulus on the hand they would have to rate after the exper-
imental session. Pain ratings were performed in pen and pencil
format on a numeric rating scale (NRS) from O for ‘no pain’ to 10 for
‘worst imaginable pain’. Pain ratings for laser stimuli were obtained
separately during lukewarm and cold conditioning. “Behavioral
CPM” was defined as a difference of at least one point between
laser-pain ratings during cold and lukewarm conditioning.

Subjects rated cold-induced pain for the 1st and the last con-
ditioning, each time at onset and offset of the cold compress
application. The average of these four ratings was taken as mea-
sure of cold-induced pain. Habituation of cold-induced pain was the
difference between ratings during the 1st and the last application.

2.4. fMRI data acquisition and analysis

MRI data were acquired on a 3T head-only scanner (Magne-
tom Allegra, Siemens Medical Solutions, Erlangen, Germany) using
the standard transmit-receive quadrature head coil. A structural
MRI was obtained in a separate session 20-30 min before the
functional acquisition, using a high-resolution T1-weighted image
[36]. Multislice T2*-weighted functional images were acquired
with a gradient-echo echo-planar imaging sequence using an
axial slice orientation and covering the whole brain (repeti-
tion time=2040ms, echo time=30ms, flip angle=90°, field of
view =192 x 192 mm, voxel size 3 x 3 x 3 mm, 34 slices, 25% inter-
slice gap, matrix size 64 x 64 x 34). The three initial volumes were
discarded to avoid T1 saturation effects. Field map data were also
acquired to unwarp the functional images: acquisition time: TR/TE:
517/4.92&7.38 ms, flip angle 90°, field of view: 220 x 220 mm?,
resolution: 64 x 64, voxel size: 3.4 x 3.4 x 3 mm, slices =32 (3 mm
thick, 30% gap; bandwidth: 260 Hz/Px).

The fMRI images were processed using the “Statistical Para-
metric Mapping” software (SPM8; Wellcome Trust Centre for
Neuroimaging, University College London, UK; http//www.fil.ion.
uce.ac.uk/spm) implemented in MATLAB (Mathworks Inc., Sher-
born, MA, USA). Functional image time series were corrected for

motion and distortion using the “Realign and Unwarp” tool [37]
together with the Fieldmap Toolbox [38]. The high-resolution T1
image was co-registered with the functional images and seg-
mented into gray matter, white matter and cerebrospinal fluid [39].
Functional images were spatially normalized to the Montreal Neu-
rological Institute (MNI) space (voxel size: 3 x 3 x 3 mm) using the
normalization parameters obtained from the segmentation pro-
cedure and, subsequently, smoothed with a Gaussian kernel with
full-width at half-maximum of 6 mm.

2.5. Statistics

Data analysis was performed using a general linear model and
summary statistics approach.

2.5.1. BOLD responses to laser-heat stimulation and their
modulation by noxious cold

At the first level, data were subjected to high-pass filtering using
a cut-off period of 280s. Each boxcar or impulse stimulus function
was convolved with a canonical hemodynamic response function
as implemented in SPM8. Explicit masks were created from the
brain mask image available in SPM8. The binary mask was created
by thresholding the brain mask image at a level of 0.5 intensity
units. This mask fitted the average anatomical image of our subjects’
group well.

Preliminary experiments in four subjects with sustained
cold/lukewarm stimulation on the foot showed that the onset
of both stimulation modalities induced high amplitude but tran-
sient BOLD responses with maxima in dorsal SI contralateral to
the stimulated side. In order to discriminate this early response,
each cold condition was modeled as three successive blocks, last-
ing 10s for “early”, 10 s for “transitional” and 100 s for “sustained”
cold responses. For the sustained lukewarm condition, we only
modeled the 1st 10 s for “early” lukewarm and the 2nd 10 s for “sec-
ondary” lukewarm responses. The laser responses were modeled as
instantaneous events with separate regressors for those occurring
during cold and those occurring during lukewarm stimulation. An
autoregressive model of order 1, plus white noise, accounted for
correlation of the residuals.

After model estimation, specific effects were tested with appro-
priate linear contrasts of the parameter estimates, resulting in a
contrast value for each voxel. We computed the following con-
trasts: (1) early non-specific BOLD responses to lukewarm or cold
applications; (2) early cold pain responses vs early lukewarm
responses; (3) sustained cold responses; (4) laser pain-induced
responses during lukewarm condition, as a measure of baseline
test pain-induced cerebral changes, (5) cold-induced modulation of
laser responses, i.e. change of the laser-induced responses during
cold application as compared to those in the lukewarm condition.
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Fig. 2. Sequential outline of the statistical analyses used in the study and definition of terms.

The contrast images were included in a second-level group
analysis using a random-effects approach, treating inter-subject
variability as a random factor. Group-level effects were tested using
one-sided t-tests.

2.5.2. Correlation between behavioral CPM and modulation of
laser pain-induced BOLD responses

The relation between noxious cold conditioning of laser-evoked
cerebral responses and behavioral CPM assessed with the NRS was
further tested in the second-level group analysis. The modulation
of laser responses (contrast 5) and the behavioral analgesia ratings
were compared in a between-subject correlation analysis (Fig. 2).
This allowed finding brain areas where cold-induced change of
the laser pain-induced response was directly correlated with pain
ratings, i.e. behavioral CPM. This regional behaviorally correlated
modulation of laser-induced neuronal responses was defined as
“physiological CPM”.

2.5.3. Correlation between cold-induced responses in prefrontal
cortex and physiological CPM

To verify our hypothesis on the relationship between cold-
induced physiological CPM and cold-induced responses in PFC areas,
we analyzed the correlation between early, sustained (negative and
positive) cold pain responses (contrasts 2 and 3) and physiological
CPM (see Fig. 2).

The volume of interest was derived from the statistical map of
physiological CPM. Clusters were formed by thresholding the voxel
statistics at p<0.001 uncorrected. Subsequently, the largest cluster
within the “pain matrix” was binarized to create a study-specific
mask. This mask covered the areas where physiological CPM was
observed. The eigenvariates of individual contrast images of cold-
induced modulation of laser responses (contrast 5) were extracted
from a brain area outlined with the mask of physiological CPM and
used as covariate regressors in further correlation analyses, in par-
ticular, in a one-sample t-test of individual images of contrasts 2
and 3 (early and sustained cold responses).

2.5.4. Significance level and directed search for pain responses
and pain modulation

First, we used an undirected search, looking for responses with
p<0.05 family wise error rate (FWER) corrected for the whole-brain
volume both at voxel and cluster levels. For the cluster level infer-
ence, we first used a cluster-forming threshold of p<0.001 (not
corrected). Significant results from this undirected search are indi-
cated in the text and in the tables by *WB (whole brain). Here and in
other analyses, we took into account both peak- and cluster-level
significance and labeled them as *WB, respectively, next to peak
coordinates and cluster size.

Second, we performed a directed search focusing on volumes of
interest (VOI). We applied a “small volume correction” in order to
obtain FWER-corrected p-values at both voxel and cluster levels
(with a cluster-forming threshold of p<0.001). “Pain matrix” VOI
included brainstem, thalamus, striatum and cortical areas known
to respond to noxious stimulation (see Supplementary Material 1).
Significant results for laser and cold responses in “Pain matrix” VOI

were labeled with *PM. When a large cluster encompassing multi-
ple brain areas was found, it was masked with the pain matrix to
identify specific brain areas included. We defined five bilateral VOI
including PFC areas most often reported to be sources of descen-
ding CPM effects: medial OFC, lateral OFC, ACC, rostral lateral PFC
and caudal lateral PFC (see Supplementary Material 2). Those five
masks of PFC VOI were used for cold responses and the correlation
analysis of cold responses and physiological CPM. Significant results
of this directed search were indicated with *DS (directed search).

Finally, small volume correction was applied to spheres around
physiological CPM peaks with a radius of 10 mm (see Table 2) to
test whether the individual ratings of anxiety or across-session
cold habituation could influence the above-mentioned responses.
Significant results of these analyses were labeled *SV (small vol-
ume). Pearson’s correlation was estimated for the relation between
behavioral and physiological variables.

3. Results
3.1. Behavioral CPM

Although both laser stimuli and cold application produced pain,
the latter was perceived as more painful on the NRS than the former
(5.6+0.4 vs 3.8 £ 0.3, respectively, mean + SEM) (Fig. 3).

We found no significant difference in average ratings of laser-
induced pain between the lukewarm and cold conditions, e.g. no
significant mean cold-induced behavioral CPM. This was due to
the fact that, at the individual level, 7 subjects had hypoalgesia
during cold conditioning (NRS reduction of >1), 10 subjects had
hyperalgesia (increase of >1) and 7 subjects had equal ratings
of laser-induced pain during the lukewarm and cold conditions
(Fig. 3).

3.2. Cerebral BOLD responses

3.2.1. Non-specific cerebral responses to conditioning stimuli

Non-specific responses to the application on the right foot
of either cold or lukewarm compresses were significant (FWER
p<0.001 voxel level) in bilateral, but predominantly left, SI, SII,
SMA, thalamus, insula, precuneus, ACC, MCC and dorsal premo-
tor cortex, as well as in central cerebellum, midbrain (including
PAG), bilateral amygdala, predominantly right hippocampus and
dorsolateral PFC.

Less significant activation was also found in caudate nucleus
bilaterally, left putamen, frontal operculum and cuneus (FWER
p<0.05 voxel level) (see Supplementary Material 3).

3.2.2. Specific cerebral responses to early cold stimulation

At the whole brain level, when only the response to the first 10 s
of cold stimulation was considered and contrasted to that during
the first 10 s of lukewarm stimulation, we found significant activa-
tioninalarge cluster including bilateral precuneus, dorsal posterior
cingulate and predominantly left occipital cortex (1259 voxels or
34cm3, p<0.005 FWER cluster level) (Table 1A and Fig. 4). In addi-
tion, three other significantly large clusters (p <0.05 FWER cluster
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ditioning. Positive values represent cold-induced analgesia while negative values
indicate cold-induced hyperalgesia.

level) encompassed left temporo-occipital cortex, right dorsal pre-
motor/motor cortex and right putamen/amygdala.

Using the directed search within VOI of the “pain matrix”, the
precuneus signal was confirmed to be significant (p <0.05 FWER
voxel level) and significant clusters were identified in premotor
cortex and ventral posterior cingulate (both p<0.05 FWER cluster
level). In prefrontal VOI, there were three small, but significant clus-
ters in medial OFC and right caudo-lateral PFC (Table 1A and Fig. 4).

Table 1
Brain areas showing a response to noxious stimuli.

Cluster size (kg)

Peak location

and cluster level ([X,Y,Z] in MNI
significance coordinates) and
voxel level
significance
1A. Early noxious cold-induced BOLD responses
Precuneus [-3-73 49] *PM
Temporo-occipital cortex 152*WB [-57 -70 -75]
Dorsal premotor/motor cortex 124*WB (#65*PM) [45 5 58]
Caudal putamen, amygdala, 119 *WB [27 -4 -8]
hippocampus
Dorsal posterior cingulate #72*WB [6 -40 46]
Ventral posterior cingulate #68*PM [3-4316]
Medial OFC 7 *DS [12 47 -11]*DS
8 *DS [-929-17] *DS
Caudo-lateral PFC 10 *DS [48 23 28] *DS
1B. Sustained noxious cold-induced BOLD responses
White matter, caudal corona 15*WB [-21-2525]*WB
radiata
Caudate tail and white matter 5*WB [18 -16 28]*WB
adjacent to it
1*"WB [-18 -1 25]*WB
1*"WB [-18 -13 28]*WB
White matter, splenium of 3*WB [12 -37 13]*WB
corpus callosum
Posterior insula 4*WB [-33 -22 19]*WB
Large caudal white matter 3350"WB [-21 -25 25]*"WB
cluster
Rostro-dorsal thalamus #102*WB [-12-1919]

1C. Sustained negative noxious cold-induced BOLD response

Medial OFC 11*DS [-12 29 -17]*DS
7*DS [335-17]
1D. Laser pain-induced responses
Insula/frontal operculum 514*WB [36 17 -2]*"WB
79*WB [-3020 -5]*WB
17*WB [45 -16 16]*WB
18*WB [-39-7 -2]*WB
2*WB [-30 14 7]*WB
1*WB [42 -7 10]*"WB
Premotor #29*WB [48 11 19]*WB
Amygdala #10*WB [18 -4 -14]*WB
#4*WB [-21 -4 -14]*WB
ventral putamen 64*WB [-158 -11]*WB
anterior thalamus 28*WB [9 2 4]*"WB
PCC 26*WB [3-2231]*"WB
Sl 25*WB [-60 -28 22]*WB
1*WB [63 -22 22]*WB
ACC 19*WB [02025]*WB
angular cortex 18*"WB [-60 -49 43]*"WB
4*WB [33 -49 43]*WB
6*WB [60 -40 37]*WB
Dorso-lateral PFC 9*WB [48 38 7]*"WB
Hippocampus 2*WB [-15 -34 -8]*WB
#48*PM [-18 -7 -14]*WB
Caudo-ventral thalamus 1*"WB [6 -28 4]*"WB
Thalamus 1*WB [12 -10 10]*WB
SI 1*WB [54 -10 16]*WB
OFC 1*WB [27 29 -17]*WB
Precuneus 287*WB [12 -64 31]*"PM
Rostro-lateral PFC 255*WB [-48 38 19]
81*WB [36 53 31]
SMA #215*WB [6 11 61]*PM
midbrain #231"WB [0-31-5]"PM
Middle temporal gyrus 60*"WB [-60 -58 7]
Cerebellum 52*WB [-18 -73 -32]
57*WB [12 -91 -26]
Caudate nucleus #8 [-9 8 4]*PM
#24 [95 7]*PM

Note: WB, whole brain volume corrected undirected search, *PM, “pain matrix” VOI
directed search; *DS, directed search at five smaller PFC and ACC VOI. If indicated
next to cluster size or next to peak coordinate points at cluster level and voxel level
FWER <0.05 significance; #, inclusive anatomical mask was applied to statistical
image in order to separate significant response in a small brain area which is a part
of a larger cluster.
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3.2.3. Specific cerebral responses to sustained cold stimulation

Sustained cold stimulation induced sustained BOLD responses
in only a few clusters mostly extending into posterior white mat-
ter (Table 1B). Responses were significant in posterior insula and
tail of caudate (FWER<0.05 voxel level). Those peaks were part
of a large significant white matter cluster (30 cm3, p<0.001 FWER
cluster level) (Fig. 4). When masking with the “pain matrix” VOI
was applied, this 30-cm3 cluster included a significant large cluster
in rostro-dorsal thalamus (p <0.01 FWER cluster level) (Table 1B).
None of the directed searches in prefrontal cortex VOI yielded
significant sustained positive responses to cold stimulation, but
negative sustained cold responses were disclosed in mOFC VOI
(Table 1C and Fig. 5).

3.2.4. Laser-induced cerebral responses during lukewarm
stimulation

Laser heat stimuli induced a significant response in most areas
of the “pain matrix” mask (see Supplementary Material 1): insula,
premotor cortex, amygdala, ventral putamen, anterior thalamus,
PCC, SII, ACC, and dorso-lateral PFC (peak level FWER p<0.005)
(Table 1D). Outside of the “pain matrix”, there were significant
laser-induced responses bilaterally in angular gyrus and cerebel-
lum.

3.2.5. Changes in laser-induced cerebral responses during cold
stimulation

The overall difference in responses to laser stimuli with or with-
out continuous cold application (contrast 5) was not significant,
which was due to the contrasting CPM effect between subjects.
Individual differences in cold-induced behavioral CPM scores were

in fact proportional to the cold-induced change in laser-induced
responses in the right anterior insular cluster partially including
white matter, ventral premotor cortex and dorsal striatum. A sim-
ilar relationship was found in another cluster comprising mostly

.

[12 29 -17]

Fig.5. Negative responses to sustained noxious cold stimulation in medial OFC (out-
lined with white). Suprathreshod p<0.001 uncorrected T-maps. VOIs of directed
search are outlined in grey.
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Table 2
Physiological CPM: Cold modulation of laser-induced responses correlated with
behavioral CPM.

Table 3
Brain areas where cold-induced BOLD responses co-variate with physiological CPM
(source of the physiological CPM covariate in left insula/SII).

Cluster size (kg) Peak location

Cluster sizeand  Peak location

and cluster level ([X,Y,Z] in MNI cluster level ([X,Y,Z] in MNI
significance coordinates) and significance coordinates)
voxel level and voxel level
significance significance
Anterior insula/white 122*WB [3026 16]*WB 3A. Early cold-induced BOLD responses related to physiological CPM
matter/premotor Dorso-lateral PFC 29 *WB [-155025] *"WB
cortex 4 *WB [-212531]*WB
Posterior insula/SII 90**WB [-36 -16 19]*WB Rostral ACC 18 *WB [9 44 10] *WB
Lateral OFC 64 *WB [24 14 -20] 3 *WB [-9 41 16] *WB
Fusiform 84**WB [-21-52 -11] Caudal ACC 12 *WB [-1229 31] *WB
gyrus/parahippocampal Anterior-lateral lingual/medial 11 *WB [-24 -55 -2] *"WB
Posterior insula/SII 58"*PM [-36 -16 19]*PM fusiform gyrus
Note: see Table 1 Medial PFC 8 *WB [6 56 16] *WB
! ’ White matter, caudal corpus 8 *WB [-15-1331] *WB
callosum
Caudate head 7 *WB [-15201] *WB
gray matter within the anatomically defined “pain matrix” mask: White matter precentral gyrus 4"WB [-36 -728] "WB
.. .. Caudo-lateral OFC/rostral insula 3 *WB [-27 23 -14] *"WB
left posterior insula and SII. There were two other significant but 1*WB [-3029 -11]*WB
smaller clusters in lateral OFC and fusiform gyrus/parahippocampal 1*WB [-24 11 -17] WB
cortex (Table 2). However, when we applied small volume cor- Ventral striatum/accumbens 2 *WB [6 8 -14] "WB
rections to the “pain matrix” VOI, only the left posterior insula/SII ISJUbge““a' ACC 3 mg [(2’ 12‘151‘8] *‘f’VSB
cluster survived directed search (Table 2 and Fig. 6). utamen 1*WB {27 5 16?1WB
We used ther.efore the insula/SIl cluster in. the “.pain Frontal pole 1 *WB [18 65 13] "WB
matrix” (cluster size=58 voxels) to extract the eigenvariates 1*WB [-27 59 10] *WB
of cold-induced modulation of laser responses (contrast 5). The ACC 223°DS [94410] *DS
cold-induced change of laser-induced responses in this cluster Rostro-lateral PFC 178 °Ds [-1553 22| "DS
. . . . Medial OFC 68 *DS [6 35 -2] *DS
was directly correlated with individual behavioral CPM ratings. 11*DS [-0 44 8] *DS
As mentioned, we called “physiological CPM” this concordant Caudo-lateral PFC 26 *DS [45 20 22] "DS
behavioral-BOLD response modulation (Fig. 2). Lateral OFC 20 *DS [-3029-11] *DS
4 [3929-17] *DS

3.2.6. Correlation with specific cold-induced prefrontal cortex
responses

The physiological CPM parameter was used as a covariate regres-
sor in a one-sample t-test of individual images of contrasts 2 and 3
(early and sustained cold responses). This tested the hypothesis
that a specific pattern of cold-induced responses in PFC preceeds
subsequent physiological CPM and hence may explain the individual
differences in CPM (see Fig. 2 for the analysis flow). When behav-
ioral CPM ratings were included as a covariate, we obtained similar

Fig. 6. Cerebral areas that were activated by the Laser-test stimulation during luke-
warm, i.e. control, conditioning (shaded area with black dots) or sustained cold
conditioning (shaded area with light-grey dots) and areas where cold-induced inhi-
bition of laser responses covariated with individual analgesia ratings (“physiological
analgesia”, outlined in white). p<0.001 uncorrected maps are shown on a sag-
ittal section of average of individual normalized structural T1 images (n=24) at
X=-36mm MNI. Crosshair location is at the maximum of green contrast ([-36 -16
19] *PM).

3B. Positive sustained cold-induced BOLD responses related to
physiological CPM

White matter, internal capsula, 172 *WB [-18 11 4]
corona radiata, putamen, insula

Cerebellum 146 *WB [33 -58 -38]

White matter anterior corona 117 *WB [24 38 16]
radiata, adjacent to rostro-lateral
PFC

Rostro-lateral PFC 17 *DS [27 47 10]

3C. Negative sustained cold-induced BOLD responses related to
physiological CPM

Lateral OFC, white matter corona 229 *WB [-3023 -17]
radiata, insula, ACC, rostro-lateral
PFC
Cerebellum 83*WB [21 -64 -41]
64 *WB [36 -73 -75]
73 *WB [-27 -64 -41]
Rostro-lateral PFC 41 *DS [-24 47 16] *DS
Lateral OFC 24 *DS [-3023 -17] *DS
ACC 8 *DS [-1229 19] *DS
5*DS [-12 44 22]
Caudo-lateral PFC 23 *DS [45 35 16] *DS

Note: see Table 1.

though less significant results that are not presented because we
consider them redundant.

Early cold responses in dorsolateral and medial PFC, ACC, lin-
gual/fusiform gyrus, white matter at precentral gyrus and caudal
corpus callosum, caudo-lateral OFC/rostral insula, striatum and
frontal pole were directly correlated with physiological CPM (FWER
p<0.05 voxel level) (Table 2A and Fig. 7). We also observed a
large (64cm?3) significant cluster (FWER p<0.05 cluster level)
that included perigenual ACC, rostral bilateral ACC, left lateral
OFC, frontal operculum, DLPFC, posterior ACC and head of cau-
date as well as right dorso-medial PFC and frontal pole (Table 3A
and Fig. 7).

The directed search within five VOI indicated that physiological
CPM was significantly predicted by early cold-induced responses
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[-30 44 25]

Fig. 7. Positive responses to early (outlined with white frames) and negative responses to sustained cold-pain (grey shading) covariating with “physiological analgesia” in
posterior insula/SIl. p<0.001 uncorrected maps are shown. VOIs of directed search are outlined with black frames. Greater cold-induced analgesia is related to positive early

or negative sustained cold-pain responses in ACC, OFC and rostro-lateral PFC.

in all five VOI (medial and lateral OFC, ACC, left rostral and right
caudal lateral PFC) (Table 3A).

Asillustrated in Fig. 8 for medial subgenual ACC, rostral ACC and
lateral OFC voxels, BOLD responses were positive during the early
phase of cold conditioning in subjects who became hypoalgesic and
had reduced laser-induced activation in left posterior insula/SII, but
negative (or less positive) in those who developed hyperalgesia.
In those areas there was a clear positive correlation between the
hemodynamic responses and physiological CPM, as shown in Fig. 9
for the subgenual ACC VOL.

The correlation between the cerebral responses during sus-
tained cold conditioning and physiological CPM were more complex
and variable between areas. Activation during sustained cold con-
ditioning was positively related to physiological CPM in a few
areas including cerebellum, corona radiata, internal capsula, dorsal
putamen and insula, and a white matter cluster comprising ante-
rior corona radiata and adjacent rostro-lateral PFC. (FWER p <0.05
cluster level). The directed search confirmed a single significant
cluster (FWER p <0.05 cluster level) in right rostro-lateral PFC VOI
(Table 3B).

By contrast, there was a negative correlation of sustained
cold-induced brain activity with physiological CPM in most of the
prefrontal VOI (Table 3C). With the directed search, deactivation
was significantly related to hypoalgesia during cold conditioning
in lateral OFC, ACC, left rostro-lateral and right caudo-lateral PFC
(Table 3C). At the whole brain level, there was a significant clus-
ter (6 cm?, FWER p <0.05 cluster level) including lateral OFC, white
matter and dorsolateral PFC (see Fig. 7), as well as three significant
clusters in cerebellum.

3.3. Correlations with anxiety and habituation

The mean (trait) anxiety score in our subjects was 36 & 1, range
26-51. Greater trait anxiety scores correlated overall with behav-
ioral hyperalgesia during CPM (r=—-0.46, p <0.05).

According to the retrospective pain rating, there was a slight
decrease in cold pain during the application (from 6.0+0.5 to
5.14+0.4) and between the first application and the last application
(from 6.7 £ 0.4 to 4.5+ 0.4). CPM correlated positively with habit-
uation of cold pain, i.e. the decline of perceived pain in the foot at
the end of the experiment, (r=+0.49, p <0.05) and negatively with
cold pain ratings at the end of the compress application (r=-0.45,
p<0.05).

Habituation of cold pain ratings correlated with cold-induced
responses in areas related to physiological CPM. In particular, like
the latter, habituation was related to early cold-induced activation
in rostro-medial PFC [-6 65 22], mOFC/sgACC [-12 29 -8] and cere-
bellum [3 -73 -17] (FWER p <0.05, cluster level) and other cluster
in mOFC VOI confirmed by directed search [6 32 -14]. There was, in
addition, a medulla/caudal pons cluster [6 —-40 -35] where negative
responses to sustained cold correlated with greater habituation to
cold (FWER p <0.05, cluster level).

4. Discussion
The objective of our study was to better understand the neu-

ronal mechanisms of conditioned pain modulation (CPM) using
the heterotopic noxious stimulation paradigm. For this purpose,
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quartiles of the physiological analgesia parameter estimate extracted from posterior left insula/SII VOI, an area with behaviorally-correlated modulation of laser-induced

neuronal responses (see methods 2.5.2 and results 3.2.5).

we searched whether individual differences between conditioned
modulation of behavioral and cerebral responses to the test heat
pain were related to the cerebral responses induced by the cold
conditioning stimulation.

4.1. Behavioral pain ratings

On average, over the 10 consecutive trials, there was no signif-
icant decrease in laser pain ratings during the conditioning cold
stimulation. Facilitatory CPM (i.e. hyperalgesia) was observed in
other studies, though overall in a smaller proportion of subjects.
In pre-operative pain-free patients, facilitatory CPM predicts sub-
sequent post-surgery chronic pain [40] and higher analgesic con-
sumption [41]. The likelihood to have facilitatory CPM of a heat test
stimulus by tourniquet ischemic noxious conditioning was higher
in subjects with low 5-HTT expression [42]. In our study, only 29%
of subjects had pain reduction, while 29% had no change and 42%
increased laser pain, clearly demonstrating inter-individual differ-
ences. This contrasts with other CPM studies [15,16] and could have
several non-mutually exclusive explanations.

The degree of CPM varies between studies and depends on the
study design. For instance, CPM was markedly greater (50%) in
Piché et al. [15] than in Sprenger et al. (20%) [16]. In our study, the
conditioning cold stimulation was applied repeatedly compared to

a single counterstimulation in the two previous studies [15,16].
Individual differences in habituation to repeated noxious stimuli
may thus play a role in our paradigm, the more so that we found
a positive correlation between habituation of cold-induced pain
across sessions and cold-induced laser pain reduction. Test pain
produced by the trains of electric shocks like in Piché et al.’s pro-
tocol may be more amenable to a behavioral CPM effect than pain
induced by a thermal stimulus with slower onset and offset slopes
used in Sprenger et al.’s [16] and in our study. Also, our subjects
rated the test stimulus as less painful (3.8/10 NRS) compared to
those of the above-mentioned studies. This may have contributed
to the lack of conditioned hypoalgesia in some subjects, as the CPM
effect can be proportional to the test pain intensity [43]. How-
ever, it is known that moderately painful test stimuli [15,44] (about
40-50/100 VAS), and even only slightly painful ones [31] are suffi-
cient to obtain reliable CPM.

Other methodological issues are discussed in Supplementary
Material 4.

Besides methodological aspects related to the experimental
design, psychobehavioral factors might contribute to the large
interindividual variability we found for CPM.

Among them, a priori expectation is well known to strongly
correlate with drug-induced analgesia [45] and pain modula-
tion [32,33,44]. In the case of pharmacological opioid analgesia,
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expectations of increased pain abolished the effect of analgesia,
which was associated with increased anxiety [45]. Expectation of
hyperalgesia cannot only block inhibitory CPM, but turn it into
facilitatory CPM. Under noxious cold conditioning in females,
expectation of analgesia led to inhibitory CPM of single test
stimuli, expectation of hyperalgeasia to facilitatory CPM, while
no information was associated with intermediate responses
[33]. Stronger analgesia expectation and reduced stress during
noxious cold conditioning were linked to greater inhibitory CPM
[32]. Although we kept our subjects blind about the direction of
expected pain intensity changes induced by the cold applications,
we cannot exclude that expectation played a role in some of them.
Uncertainty about upcoming pain intensity also has a specific
and potent hyperalgesic effect [46]. Anxiety is known to partially
mediate the effect of expectation on the direction of CPM [44]. Our
finding that anxiety was negatively related with behavioral CPM
supports a role of psychological modulators.

4.2. Cerebral responses to the conditioning cold stimulation

We found highly significant (voxel level FWER p<0.05) non-
specific activations at onset and offset of both cold and lukewarm
stimulations in many areas belonging to the so-called “pain matrix”.
The maximum of this non-specific response was in left SI, which is
consistent with somatosensory responses to the alternating sen-
sory stimulation of the right foot.

By contrast, when early responses to cold were contrasted
against early responses to lukewarm application to detect pain-
specific activation, a cluster comprising mainly bilateral precuneus
was significantly activated but not “pain matrix” areas such as
ACC and insula. The precuneus is known to respond to multimodal
salient stimuli [47].

We found no significant activation in most areas of the “pain
matrix” during the subsequent sustained phase of cold application,
with the notable exception of posterior insula/SIIL. The latter activa-
tion is consistent with a central role for the operculo-insular cortex
in specific pain processing and coding of pain intensity [48-53].
Although our study was not specifically designed to address this
question, its results favor nonetheless the concept that the “pain
matrix” is mostly a “salience matrix” of areas that process salient
multimodal sensory inputs [54] and that the posterior insula may
be more pain-specific [50,53].

During the sustained phase of cold application, we found deacti-
vation in medial OFC. This area is known to be activated by valuation
of a reward outcome [55] and we speculate that its deactivation
could be related to the negative affective response due to the
sustained noxious stimulation. The observed clusters of sustained
BOLD response in the white matter are discussed in Supplementary
Material 5.

4.3. Cerebral responses to the laser test stimulus and their
conditioning by cold stimulation

Laser pain-induced activations were significant in various areas
of the “pain matrix” in line with a number of prior studies
[47,56,57]. This indicates that the intensity of the laser stimuli was
sufficient to induce cerebral responses typically reported after nox-
ious stimulation.

Similar to the behavioral laser pain ratings (see Section 4.1), the
laser-induced BOLD responses did not differ on average between
cold and lukewarm conditioning. The inter-individual variation
in CPM, however, that ranged from reduction to increase in
pain was correlated with the modulation of the BOLD response.
Behavioral cold-induced hypoalgesia was associated with the sup-
pression of laser-induced responses in posterior insula and SII
contralateral to the cold stimulation. Like sustained cold-induced
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Fig. 9. Relationship between activation of sgACC and behavioral conditioned pain
modulation. Eigenvariates of betaimages for only early cold response were extracted
from a sphere of 6 mm radius around the peak of early cold vs early warm contrast
significantly correlated to “physiological conditioned pain modulation” (the eigen-
variates of the laser warm vs laser cold contrast correlated to behavioral conditioned
pain modulation) (Table 3A). The scatter pot is only for illustration purposes.

activation, the physiological CPM thus involved the posterior insula,
supporting again its critical role in pain as well as CPM processing
[50,53].

4.4. Correlation of cold-induced cerebral responses with
physiological CPM

In medial and lateral OFC, ACC, rostral and caudal lateral
PFC, the early cold-induced BOLD responses were directly related
to subsequent CPM (see Figs. 8 and 9). These findings are in
agreement with other studies, where CPM was associated with
activity evoked by the cold pain stimulus in mPFC, lateral OFC
[15,26] and rostral ACC [16]. By contrast, BOLD activation during
the later phase of cold stimulation was less predictive of physio-
logical CPM, as the correlation was significant only in rostro-lateral
PFC.

The correlation between early cold-induced PFC responses and
subsequent physiological CPM could be due to the fact that the
conditioning stimulus is able to strengthen connectivity between
cortical sources of descending analgesia and their targets in sub-
cortical structures [58]. For instance, increased connectivity of
subgenual ACC with midbrain and amygdala was correlated with
CPM [16].

We also found an unexpected correlation between physiolog-
ical CPM and deactivation in lateral OFC, ACC, lateral rostral and
caudal PFC areas during sustained cold application, which was not
reported in others studies [15,16]. This may be due to the different
experimental design of our study, but differences in expectation
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or so-called “off-set analgesia” could be alternative explanations.
In a model of visceral pain, expectation-mediated placebo analge-
sia was associated with fMRI deactivation in the dorsolateral PFC
[59]. Negative BOLD responses in ventro-medial PFC/OFC were also
recorded during large reductions of pain rating induced by a slight
decrease of a noxious stimulation, i.e. off-set analgesia [8]. This
paradigm could be relevant for our study where there was habit-
uation of cold pain ratings between the 1st and last applications,
and hence a decrease in perceived pain.

4.5. Correlations with cold pain habituation

Habituation of cold pain perception correlated positively with
behavioral CPM, with early cold-induced lateral OFC activation
that is also related to physiological CPM, and with sustained cold-
induced deactivation in pons/cerebellum. Habituation of pain over
several days was found associated with subgenual ACC activation
[60]. Habituation thus likely involves central neuronal networks
that it shares at least partially with CPM. Diffuse noxious inhibitory
control, non-noxious inhibitory control and habituation are all part
of endogenous analgesia and thought to be related to each other
[43].

To conclude, our study confirms that sustained noxious cold
stimulation chiefly activates posterior insula/SII. Activation in other
areas of the so-called “pain matrix” appears to be merely deter-
mined by saliency and novelty rather than by the noxious character
of the stimulus. We find great inter-individual differences in CMP
that ranges from decreases to increases of the test laser-heat pain.
Larger prefrontal positive BOLD responses to early cold stimula-
tion seem to predict subsequent conditioned analgesia. By contrast,
in adjacent prefrontal cortices conditioned analgesia is associated
with deactivation during the sustained conditioning cold stimula-
tion. We show that CPM is negatively correlated with trait anxiety,
but positively with habituation of cold pain. The individual differ-
ences in prefrontal cortex activity and CPM need to be considered
in future studies of diseased subjects, including migraineurs.
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