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Background: While the concomitant administration of painful and rewarding stimuli tends

to reduce the perception of one another, recent evidence shows that pleasant pain relief is

experience after the interruption of noxious stimuli. On neurobiological grounds, these

opponent processes should translate into decreased activity in brain reward regions during

nociceptive stimulation and increased activity in these regions after its interruption. While

growing evidence supports the latter assumption, evidence is lacking in humans in support of

the former.

Methods: Twenty-six healthy individuals underwent a functional magnetic resonance ima-

ging (fMRI) session during which they were administered a cold pain stimulation, using

a novel paradigm which consisted in a cold gel applied on the right foot of participants.

Results: After the interruption of noxious stimulation, participants experienced significant

levels of pleasant pain relief. During cold pain stimulation, brain activations were observed

in key regions of the pain matrix (eg, thalamus, primary somatosensory cortex and insula).

Conversely, the medial orbitofrontal cortex was found to be de-activated. Medial orbito-

frontal de-activations were negatively correlated with subclinical pain symptoms.

Discussion: Our results show that a key brain reward region (eg, medial orbitofrontal

cortex) is de-activated during cold pain stimulation, a result which is consistent with one

of the central assumptions of the opponent-process theory. On methodological grounds, our

results show that the cold gel applied to the foot can be used to trigger activations in the pain

matrix, and that the interruption of the cold pressor test elicits significant levels of pleasant

pain relief. fMRI studies on pain–reward interactions in chronic pain patients are warranted.

Keywords: pain, reward, orbitofrontal cortex, fMRI, opponent-process theory, cold pressor

test, pain relief, reward

Introduction
Pain avoidance and reward seeking are two fundamental motivations necessary for

survival that are intertwined in complex ways. Historically, several experimental

studies have shown that a wide range of pleasant stimuli (eg music, odors, social

rewards, humor, drugs) produce analgesic effects in humans.1–4 On the other hand,

a growing number of experimental studies have shown, more recently, that the

cessation of noxious stimulation produces pleasant responses in humans.5–9 These

latter results are consistent with the opponent-process theory, which postulates that

all deviations from homeostasis are accompanied by an opponent process. That is,

if a primary sensation (such as a painful one) is abruptly terminated, a sensation of
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the opposite valence (eg pleasant) will be felt.5,10

Unfortunately, the neurobiological mechanisms involved

in the complex pleasure–pain interactions remain poorly

understood, especially in humans.

In rodents, seminal work has shown that rewarding

drugs such as amphetamines produce anti-hyperalgesic

effects, which are abolished by the lesion of mesocortico-

limbic dopaminergic neurons, which project from the ven-

tral tegmental area to the nucleus accumbens (eg ventral

striatum) and the ventromedial prefrontal cortex.11

Likewise, natural rewards (eg odors) have also been

shown to produce antinociceptive effects in rodents.12,13

In humans, functional neuroimaging studies seeking to

investigate the neural pathways involved in pain-reward

opponent mechanisms have also focused on reward-

induced analgesia. Indeed, preliminary functional mag-

netic resonance imaging (fMRI) studies performed in

healthy volunteers have shown that the administration of

pleasant stimuli (eg music, odors, etc.) reduces the activity

of pain-related brain regions (eg the thalamus and soma-

tosensory cortex) elicited by nociceptive stimuli, whereas

it seems to increase the activity of brain reward regions (eg

ventral striatum).1,3,4 By comparison, the mechanisms

involved in other key pain-reward opponent processes

have attracted less attention until recently. This is the

case of two of the core assumptions of the opponent-

process theory, namely that (i) positive experiences should

be less pleasurable during nociceptive stimulation and that

(ii) positive emotions should be felt after the interruption

of a nociceptive stimulation.

On neurobiological grounds, the aforementioned

assumptions imply that we should expect to observe (i)

decreased activity in brain reward regions during nocicep-

tive stimulation and (ii) increased activity in these regions

after its interruption. Thus far, the few fMRI studies

investigating the second assumption have produced results

consistent with it, since these studies have shown that pain

relief is associated with increased activations in the brain

reward circuitry, including the nucleus accumbens, the

ventral anterior cingulate cortex and the ventromedial pre-

frontal cortex.14–16 By contrast, it has proved more diffi-

cult to confirm the first assumption. Indeed, while the

fMRI studies from Aharon and colleagues (2006),

Becerra and Borsook (2008) and Becerra and colleagues

(2013) have highlighted a de-activation of the nucleus

accumbens during tonic heat pain stimulation in healthy

volunteers, other studies have actually shown the reverse,

namely that the activity of the nucleus accumbens and the

orbitofrontal cortex was actually increased during the

administration of nociceptive stimuli.14,15,17-19

Recently, our research team has shown that the adminis-

tration of the cold pressor test (CPT) applied to a large body

surface (up to the shoulder) during a relatively long period of

time (2 minutes) produces higher levels of pleasant pain

relief after the interruption of the nociceptive stimulation,

compared to the pleasant responses evoked by the stimula-

tion of a small body surface with a thermode (3 cm2).20 As

such, this result implies that the CPT may be better suited to

investigate the neural mechanisms involved in pleasure-pain

opponent processes, since the procedure produces both spa-

tial and temporal summation. Unfortunately, most fMRI

studies using the CPT have used it solely as conditioning

stimulus.21,22 And when fMRI studies using the CPT have

examined pain-elicited activations, most of them did not

analyze de-activations.23–25 As a result, we are aware of

only one fMRI study having used the CPTas its experimental

paradigm that has been able to highlight de-activations of

brain reward regions (eg amygdala and the ventromedial

prefrontal cortex) during cold pain stimulation.26 Given the

growing interest in pain–reward interactions, these results

deserve to be replicated.16,27,28

In view of the current state of the literature, the objec-

tives of the current study were (i) to show that the inter-

ruption of a nociceptive stimulation using the CPT

produces high levels of pleasant pain relief, (ii) to show

that brain reward regions are de-activated during the CPT,

and (iii) to examine the correlates of brain reward de-

activations evoked by noxious stimuli.

Methods
Participants
Twenty-six (15 women) healthy subjects were recruited

between the ages of 18 and 35 (25 ±1.12; mean ±standard

error of the mean (SEM)). Twenty-four participants were

right-handed. Recruitment was done via online advertisements

(school platforms and kijiji) and through word of mouth. The

exclusion criteria were the following: (1) any DSM-V psy-

chiatric disorder; (2) history of chronic pain; (3) centrally

acting medication; (4) neurologic disorders; (5) any unstable

medical conditions; and (6) fMRI contraindications (eg metal

or electronic implant or pregnancy). Urine drug and pregnancy

tests were administered before the scanning session. The study

was approved by the ethics committee of the Centre de

recherche de l’Institut Universitaire en Santé Mentale de

Montréal and was conducted in accordance with the

Bitar et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Journal of Pain Research 2020:131336

http://www.dovepress.com
http://www.dovepress.com


declaration of Helsinki. All participants signed a detailed con-

sent form.

Clinical Assessments
The subclinical psychological symptoms of depression,

anxiety, anhedonia and pain were evaluated using the

Beck depression inventory-II, the State and Trait Anxiety

Inventor-State subscale, the Snaith–Hamilton Pleasure

Scale, and the Brief Pain Inventory (BPI).29–32 The socio-

demographic and psychological characteristics of the par-

ticipants recruited in the study are described in Table 1.

Psychophysical Procedure Inside the

Scanner
The CPT is a widely used technique for the investigation

of pain perception in experimental settings.7,33 Since the

CPT typically uses a bath of water, the potential spill over

of water around expensive machinery such as MRI scan-

ners is a cause of concern, and is therefore less frequently

used than other procedures (eg thermode) in functional

neuroimaging studies on pain perception. Some research

teams have opted for CPT alternatives safer to use in the

fMRI scanner, such as bags of ice water or the cold-

pressor gel test.34,35 Here, our research team opted for

a modified CPT using gel which allows to hold constant

the temperature of the test during a full fMRI run (as

verified during pilot testing performed in six participants).

More precisely, a gel was prepared using the same proto-

col as explained by Lapotka and colleagues (2016).35 Once

the gel was prepared, it was placed into a plastic bag

(4 x 11 inches), which was applied on the bridge of the

right foot of the participant. Two types of stimuli were

used during the experiment: a cold stimulus inducing pain,

and a control stimulus inducing no pain. For the pain-

inducing stimulus, the bags of gel were placed into

a freezer, and the temperature of the bags (external sur-

face) was 0°C, and it remained constant during testing. On

the other hand, the control stimulus consisted in a bag of

gel that was kept at room temperature (~23°C).

Experimental Design

During the whole scanning period, the modified CPT (gel)

was administered in two separate runs. While a research

assistant maintained the bags of gel on the participant’s

right foot, participants were asked to lie supine fixating

a black screen with a white cross in the middle. Each run

lasted 3 minutes, and comprised two experimental conditions

lasting 45 seconds each, separated by 45-second rest periods.

During the experimental conditions (45s each), either a cold

stimulus (Pain block) or a control stimulus (Control block)

was applied. The order of presentation of each experimental

condition (Pain or Control) changed between each run. The

order of each block in each run was counterbalanced between

participants in a pseudo-randomized manner. Noteworthy,

previous studies on the topic have included a 5-minute time

gap between runs to avoid pain sensitization or

habituation.5,23 Likewise, we integrated a conservative 10-

minute interval between each run to ensure that no pain

sensitization occurred (during this time gap, T1 images

were acquired). In the pilot experiment mentioned above,

we were also able to verify that a 10-minute delay between

administrations is sufficient to avoid pain sensitization, and

to verify that a 45-second delay between blocks was suffi-

cient to prevent a carry-over effect from the pain to the

control condition. A new bag for the control stimulus and

Table 1 Characteristics of Participants

Characteristics Statistics

Age (mean±SEM) 25±1.1246

Sex (NF, %)

Male 11 (42)

Female 15 (58)

Ethnicity (N,%)

Caucasian 14 (54)

Afro-American 4 (15)

Asian 8 (31)

Level of education (%)

College degree 58

Bachelor’s degree 31

Graduate studies 11

Employment status (%)

Employed 35

No income 19

Loan or bursary 23

Others (ie, independent worker, welfare) 23

Psychological symptoms (mean±SEM)

BDI-II 5.35 ± 0.08

STAI-S 45.54 ± 0.26

SHPS 50 ± 0.12

BPI

Pain severity 1.69 ± 0.77

Pain interference 1.55 ± 0.49

Abbreviations: BDI-II, Beck Depression Inventory-II; BPI, Brief Pain Inventory;

SEM, standard of the mean; SHPS, Snaith–Hamilton Pleasure Scale; STAI-S, State and

Trait Anxiety Inventory-State subscale.
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for the pain stimulus was used for each run. Figure 1 provides

an illustration of the experimental design. At the end of each

run, pain intensity felt during the Cold condition was rated by

participants on a verbal scale from 0 (no pain)-100 (max-

imum tolerable pain), while pleasant pain relief was rated in

a scale from 0 (no pleasant pain relief) to 100 (maximum

pleasant pain relief) [Note: Pleasant pain relief was only

measured in the run where pain was administered at the end].

Psychophysical Procedure Outside the

Scanner
To verify the validity of the modified CPT (gel) adminis-

tered in the scanner, the CPTwas also administered outside

the scanner, using a more traditional paradigm. The classic

CPT consisted of the immersion of the right arm into a bath

of ice water that was kept constant at 10°C, for a maximum

of 2 minutes, by continuously recirculating the water

(Julabo F33-HL Heating/refrigerated circulator). The tem-

perature was chosen to be painful yet tolerable for 2 min-

utes. Using this temperature, our research team showed that

the interruption of the CPIT produced significant levels of

pleasant pain relief in a previous study.20 Participants were

instructed to verbally report pain intensity and pain unplea-

santness on a scale of 0 to 100. The measures for pain

intensity and pain unpleasantness were taken at the moment

the arm was immersed into the bath of cold water and

afterwards every 30 seconds, until 120 seconds. With

these measures, the mean pain intensity and mean pain

unpleasantness were calculated for each participant.

Pleasant pain relief was measured immediately after

the CPT (water). In order to explain to participants, the

pleasant pain relief phenomenon, we provided an example

similar to the one used by Lekness and colleagues

(2013).16 Participants were asked to imagine themselves

walking in a −30°C snowstorm for 20 minutes and finally

arriving home to feel the warmth of the air inside the

house. This warmth would induce the feeling of both

pain relief and of pleasure. To fully capture the dynamics

of pleasant pain relief, the phenomenon was measured

immediately after the end of the immersion, and every

30 seconds afterwards for 4 minutes. Participants were

asked to rate their level of pleasant pain relief on a scale

of 0 (“I feel relief, but no pleasure”) to 100 (“I feel relief

and the most intense pleasure possible”). These ratings

were used to calculate the mean pleasant pain relief of

each participant.

MRI Acquisition Parameters
Blood oxygenated level dependent signal was acquired on

a Prisma Fit 3.0 Teslas scanner from Siemens at the Unité de

Neuroimagerie Fonctionnelle de l’Institut de Gériatrie de

l’Université de Montréal. Functional images were acquired

with a T2-weighted multiband echoplanar imaging (EPI)

sequence (TR=785 ms; TE=30 ms; FA=54°; matrix size

64x64, voxel size 3 mm3; 42 slices). The functional slices

were oriented in transverse plane and were angled to be

parallel to the AC-PC line. An inline retrospective motion

correction algorithm was employed while the EPI images

were acquired. During the same scanning session, high-

resolution T1-weighted anatomical images were also

acquired for each subject (TR=2300 ms; TE=2.98 ms;

FA=9°; matrix size=256x256; voxel size=1mm3; 176 slices).

fMRI Analyses
fMRI data were preprocessed using the Statistical

Parametric Mapping 12 (SPM12) software and the CONN

functional connectivity software version 1736 running in

Block 1
Rest

Block 2
Pain

Block 3
Rest

Block 4
Pain

Block 1
Rest

Block 2
Control

Block 3
Rest

Block 4
Control

10 min

Start of 
scan

Start of 
scan

End of scan,
pain 
intensity 
measured

End of scan,
pain intensity 
and pleasant 
pain relief 
measured

Figure 1 Experimental design. Each run lasted 3 minutes and was comprised of four 45 second blocks (2 experimental conditions and 2 rest periods). There was a 10-

minute interval between each run to insure that no pain sensitization occurred. The order of the administration of each stimulus in each run was counterbalanced between

each participant in a pseudo-randomized manner.

Abbreviation: fMRI, functional magnetic resonance imagining.
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Matlab2017a.37,38 Functional images were realigned, cor-

rected for motion artifacts with the Artifact Detection Tools

implemented in CONN (setting a threshold of 0.9mm for

subject motion and a global signal threshold of Z=5), high-

pass filtered (0.008 Hz) and co-registered to the correspond-

ing anatomical image.39 The anatomical images were

segmented (into grey matter, white matter, and cerebrosp-

inal fluid) and normalized to the Montreal Neurological

Institute (MNI) stereotaxic space. Functional images were

then normalized to MNI stereotaxic space, spatially

smoothed with a 3D isotropic Gaussian kernel (8 mm full-

width at half maximum), and resliced to 2 mm3 voxels. For

the preprocessing, the anatomical component-based noise

correction method, implemented in CONN, was employed

as it removes confounding effects from the BOLD time

series, such as the physiological noise originating from the

white matter and cerebrospinal fluid. The method, there-

fore, increases validity and sensitivity of analyses.40,41

We used a general linear model (GLM) to identify

changes associated with pain perception, using a block

design. The blocks corresponding to each experimental

condition (Pain vs Control) were defined as predictors of

interest, which were convolved with the hemodynamic

response function. An auto-regressive model was used to

account for serial correlations. Predictors of interest were

entered as fixed factors in a single-subject GLM, and the

parameters of this model were entered into a random-effect

model that was used for group analysis using a one-sample

t-test. Two contrasts were analyzed: [Pain>Control] and

[Control>Pain]. The statistical threshold for significance

was determined by computing a Monte Carlo simulation,

based on Woo, Krishnan and Wager (2014).42,43 Assuming

a per probability of p<0.001, after 10,000 simulations,

a cluster size of 27 resampled voxels was indicated to

correct for multiple comparisons at p<0.05. A region of

interest analysis was also performed targeting the ventral

striatum (x= ±14; y=16; z= −4), using the small volume

correction approach of SPM (corrected p<0.05).

As there is evidence that brain activations and de-

activations elicited by tonic nociceptive stimuli may vary

in the early and late phases of stimulation, we performed

sub-analyses on the first and last 22.5 seconds of the Pain

blocks that were considered as two epochs. Such second-

ary analyses were restricted to brain reward regions.17,44

Statistical Analysis of Behavioral Data
Using Pearson’s correlations, we tested potential relation-

ships between the following variables: (1) pain intensity

and pleasant pain relief, during the administration of the

modified CPT (gel); and (2) pain intensity during the

modified CPT (gel) and each questionnaire administered

(BDI, CAPE, BPI, STAI-S and SNHP). To ensure validity

of the modified CPT (gel), we conducted correlation ana-

lyses between pain intensity during the original CPT

(using a water bath) and pain intensity during the modified

CPT, as well as between pleasant pain relief measured

after the original CPT and pleasant pain relief measured

after the modified CPT. Finally, correlations were con-

ducted between the mean beta of each cluster significantly

(de-)activated and; (1) pain intensity and pleasant pain

relief (during the modified CPT); and (2) each question-

naire administered (STAI, BDI, SNHP, CAPE and BPI).

The threshold for statistical significance was set at p<0.05.

Statistical analyses were conducted using SPSS, ver-

sion 25.

Statistical Power

The justification of the sample size was based on the

results of a previous independent study from our research

study that involved 27 participants and showed moderate

to high associations between psychophysical and clinical

data (r≥0.4; α≥0.05; β≥80%).20

Results
Psychophysical Results
Mean pain intensity during the Pain Blocks of the mod-

ified CPT (gel) applied to the right foot was 56.17±5.45

while the average pleasant pain relief was 44.5±5.54. No

participant felt pain during the Control condition.

Pearson’s correlation analyses were performed to

investigate potential associations between psychophysical

measures and subclinical psychological symptoms.

Interestingly, a positive correlation was observed between

pain intensity during the modified CPT (gel) and pleasant

pain relief (r=0.602; p=0.001). A significant correlation

was also found between pain intensity during the modified

CPT (gel) and the BPI pain interference subscale (r=0.477;

p=0.014). All the correlations with the other clinical scales

were non-significant (ps>0.05).

Validity Issues

During the classic CPT (water) administered outside the

scanner, the mean pain intensity was 45.92 ±4.91 while the

average pleasant pain relief was 42.53 ±4.26. Importantly,

a significant correlation was found between pain intensity

during the modified CPT (gel) administered during the
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scanning session and pain intensity measured during the

CPT (water) administered outside the scanner (r=0.736,

p<0.001). Likewise, a positive correlation was observed

between pleasant pain relief measured immediately after

the scanning session and pleasant pain relief measured

after the CPT (water) administered outside the scanner

(first measure only; r=0.556, p=0.003).

fMRI Results
For the [Pain>Control] contrast, four brain regions were

found to be significantly activated during the modified

CPT (gel), namely the left insula (extending to the left

putamen, the left caudate nucleus, the bilateral thalamus

and the bilateral insula), the left precuneus (encompassing

the left paracentral lobule), the left middle frontal gyrus

and the right lingual gyrus (Table 2; Figure 2). The

[Control>Pain] contrast revealed a significant de-

activation of the right medial orbitofrontal cortex during

the administration of the cold pain stimulus (Table 2;

Figure 2; Figure 3). Additional analyses revealed that the

de-activation in the right medial orbitofrontal cortex was

only significant in the late phase of the Pain condition

(x=8; y=24; z=−10; t=4.57; 160 voxels). Finally, regions

of interest analyses revealed no significant activation or

de-activation in the ventral striatum.

We found positive correlations between pain intensity

during the modified CPT (gel) and activity in the left

insula (r=0.4; p=0.043; Figure 4A) and the left precuneus

(r=0.54; p=0.004; Figure 4B). By contrast, brain activity

did not correlate with pleasant pain relief. Finally, pain

interference as measured with the BPI was found to be

positively correlated with activity in the precuneus

(r=0.415; p=0.035; Figure 5A) and negatively correlated

with activity in the right medial orbitofrontal gyrus

(r= −0.557; p=0.003; Figure 5B). No other significant

correlations were found between activation clusters and

subclinical psychological symptoms.

Discussion
In view of the mixed findings of fMRI studies investi-

gating pain–reward interactions using noxious heat sti-

mulation with a thermode, we used modified CPT (gel)

to induce cold pain in healthy volunteers. Our results

showed that the interruption of the nociceptive stimula-

tion caused significant levels of pleasure, as predicted by

the opponent-process theory.16 As observed in a recent

study from our research team, a positive association was

found between pain intensity during the CPT and plea-

sant pain relief experienced after the interruption of the

CPT.20 The modified CPT (gel) elicited significant acti-

vations in the bilateral insula, the bilateral thalamus, the

left paracentral lobule, the left middle frontal gyrus and

the right lingual gyrus. Importantly, the medial orbito-

frontal gyrus was found to be de-activated during cold

pain stimulation. Finally, a negative correlation was

observed between orbitofrontal activity and pain inter-

ference with daily activities.

The most important finding of the current study is the

de-activation of medial orbitofrontal cortex that was

observed during tonic cold pain stimulation. As such, our

Table 2 Brain Regions (De-)activated During the Modified Cold Pressor Test

Contrast Brain Region L/R BA MNI Voxel Size t-value p value of Cluster

x y z

Pain>ctl

Insula L 13 −34 6 10 6349 8.89 <0.001

Putamen −24 4 10 8.09 <0.001

Caudate nucleus L −18 −26 22 7.28 <0.001

Thalamus L/R −6 −26 12 - 7.49

Insula L/R −30 −26 16 - 6.93

Precuneus L −6 −42 64 1504 5.54 <0.001

Paracentral lobule L −4 −28 72 - 4.57

Middle frontal gyrus L −30 40 22 122 4.7 <0.001

Lingual gyrus R 18 −78 10 272 4.47 <0.001

Ctl>pain

Medial orbital R 11 6 24 −12 129 4.38 <0.001

Abbreviations: L, left; R, right; BA, Brodmann area; MNI, Montreal Neurologic Institute.
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Figure 3 Mean beta. Three mean beta values were extracted for the right medial orbital frontal gyrus in the control>pain contrast. The average beta value for the contrast

control>pain was 0.35 ± 0.09, the average beta value for this contrast during painful stimulation was −0.41 ± 0.11 and during the administration of the control stimuluswas −0.16 ± 0.09.

These negative values show de-activation in the right medial orbital during both the pain and the control stimuli. However, the de-activation was greater during painful stimulation.

Abbreviations: L, left; ctl, control.

Figure 2 Brain regions (de-)activated during the modified cold pressor test. Two contrasts were analysed: [Pain >Control] and [Control>Pain]. (A) Activations;

[Pain>Control] contrast. (B) De-activations; [Control>Pain] contrast.
Abbreviations: a, L-caudate nucleus; b, L/R-thalamus; c, L-paracentral lobule; d, L/R-insula; e, L-precuneus; f, L-putamen; g, L-middle frontal gyrus; h, R-medial orbital.
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main result replicates the finding from Ogino and collea-

gues (2014), who also observed de-activations of this

region during the CPT.26 As evidenced by a large meta-

analysis involving 206 fMRI studies, the ventromedial

prefrontal cortex is one of the two core brain regions

involved in reward valuation (the other being the ventral

striatum).45 Knowing the key role of the medial orbito-

frontal cortex in brain reward, our main result lends

support to one of the main assumptions of the opponent-

process theory, namely that pain perception should reduce

the experience of pleasure, and more precisely, that the

activity of brain reward regions should, therefore, be

decreased during pain perception. More precisely, we

found that the medial orbital de-activation was only sig-

nificant in late phase of the nociceptive stimuli, suggesting

that that brain reward responses to noxious stimuli are

dependent on temporal summation. Although this observa-

tion must be considered prudently, we also observed that

orbitofrontal de-activations were stronger in those who

experienced higher levels of pain interference with daily
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Figure 4 (A) Correlation between the mean beta values of the insula and the mean pain intensity ratings taken during the administration of the modified CPT. This figure

illustrates a significative positive correlation between the mean beta values of the insula and the mean pain intensity rating during the administration of both CPT. (B)
Correlation between the mean beta values of the precuneus and the mean pain intensity ratings taken during the administration of the modified CPT. This figure illustrates

a significative positive correlation between the mean beta values of the precuneus and the mean pain intensity rating during the administration of both CPT.
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Bitar et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Journal of Pain Research 2020:131342

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


activities. In theory, the fact that pain perception induces

brain reward alterations may explain why affective condi-

tions like depression and addiction are frequently co-

occurrent in those experiencing persistent pain, as recently

proposed by Serafini and colleagues (2020).46 The depres-

sing effect of nociception on pleasure perception having

been studied more often in preclinical than clinical

research, it is also important to point out that the main

finding of the current study is consistent with reliable

findings observed in rodents. Indeed, several preclinical

studies have investigated how pain perception modulates

brain reward, using the intracranial self-stimulation (ICSS)

as the experimental paradigm. In the ICSS procedure,

stimulation is delivered via a micro-electrode implanted

in the medial forebrain bundle, which connects the ventral

tegmental area and the nucleus accumbens (ventral stria-

tum) of the mesolimbic system. Using this paradigm, it has

been consistently shown that several nociceptive stimuli,

including lactic acid injection, complete Freund’s adjuvant

injection, paw incision and formalin injection, can all

depress brain reward.47,48

Noteworthy, in the current investigation, we found no

alteration in the activity of the ventral striatum, which is

one of the core regions of the brain reward system.11 Also
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Figure 5 (A) Correlation between the beta values of the precuneus with the BPI questionnaire (pain interference subscale). This figure illustrates a positive significant

correlation between the precuneus during a painful stimulation and the pain interference subscale of the BPI questionnaire. (B) Correlation between the beta values of the

medial orbital frontal gyrus with the BPI questionnaire (pain interference subscale). This figure illustrates a negative significant correlation between the medial orbital frontal

gyrus during painful stimulation and the pain interference subscale of the BPI questionnaire.

Abbreviation: BPI, Brief Pain Inventory.
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to consider, the cluster found to be de-activated in the pain

condition encompasses the rostral anterior cingulate cor-

tex, which exerts important roles beyond rewarding pro-

cessing. As such, these observations mean that other

alternative or complementary interpretations of our main

result need to be considered. As shown by fMRI studies on

placebo analgesia, opioid analgesia and stress-induced

analgesia, the rostral anterior cingulate cortex plays a key

role in endogenous pain modulation.49–51 As such, the role

of the rostral anterior cingulate cortex in pain inhibition

may explain why a negative correlation was observed

between the activity in this region and pain interference

with daily life. There is also evidence that the rostral

anterior cingulate cortex is involved in mind wandering,

and that pain perception grasps the attention and attenuates

mind wandering propensity.52,53 The reduced activity in

the rostral anterior cingulate cortex during tonic cold pain

perception may thus be interpreted as the inhibition of

a key region involved in mind wandering.

Apart from their neurobiological implications, the

results of the current fMRI study also have methodological

implications. Outside the scanner, the CPT is usually

administered using a bath of cold water. Due to water

spillage, this method may be problematic for fMRI inves-

tigations as the method may cause damage to the equip-

ment in the scanning environment. As an alternative, here,

we used cold gel and applied it on the bridge of partici-

pants’ right foot. Using this method, we observed that cold

pain stimulation elicited potent activations in key region of

the pain matrix, namely the bilateral insula, the bilateral

thalamus and the primary somatosensory cortex (eg para-

central lobule). As such, our results are consistent with

previous fMRI studies on pain perception using the CPT,

which found consistent activations, during nociceptive

stimulation, in the insula, anterior cingulate cortex, the

primary sensory cortex and the thalamus.23,25,26,34,54,55

Only one other fMRI study on pain perception used spe-

cifically the cold gel, which was applied on the left hand,

and the study also observed significant pain-elicited acti-

vations in the thalamus and insula.24 Adding to the validity

of our results, we found that pain intensity experienced

during the modified CPT (gel) was positively correlated

with brain activity in the left insula and the left precuneus.

While the anterior and posterior insula are known to be

involved in the affective and sensory-discriminative com-

ponents of pain respectively, growing evidence suggests

that the precuneus is involved in the evaluation of the

subjective significance of the pain experience.56–59

Likewise, we found that the brain activity in the precuneus

was positively correlated with the level of interference

with daily activities. Taken together, these results strongly

suggest that the cold gel is a valid procedure to investigate

the neural mechanisms involved in pain perception, using

fMRI.

In the current study, we found no association between

orbitofrontal de-activations during tonic cold pain stimu-

lation and pleasant pain relief after the interruption of the

nociceptive stimulation. One of the potential reasons for

the lack of correlation is that subjective pain (pain inten-

sity and pleasant pain relief) was not evaluated continu-

ously inside the scanner, but was evaluated at the end of

the run. As such, this methodological limitation may have

impeded our chances of detecting significant correlations

between neural and subjective measures. However, it is

important to mention that the CPT (water) was also

administered outside the scanner. By doing so, we found

that (i) pain intensity during the modified CPT (gel)

correlated with pain intensity during the classic CPT

(water), (ii) that pain intensity during the modified CPT

(gel) correlated with the level of interference of pain on

daily activities, and (iii) that measures of pleasant pain

relief taken inside and outside the scanner were inter-

correlated. As such, these results suggest that the subjec-

tive measures of pain gathered during the modified CPT

(gel) are valid. A second limitation of this study is that

levels of pain reported on the BPI were low. This was

expected since participants recruited in the current study

were explicitly excluded if they experienced chronic pain.

Still, since the levels of pain reported by participants fell

below clinical significance, it implies that the correlations

involving the BPI must be interpreted cautiously. A third

limitation of our study has to do with the fact that we

were not able to standardize the time-of-day of fMRI

sessions. There is, however, evidence that pain perception

can be influenced by circadian effects.60 Finally, another

limitation of the study is that it was under-powered to

examine sex-differences, although women are at

increased risk of developing chronic pain and that sex

differences in endogenous pain modulation have been

reported.61,62

Conclusion
Using a modified CPT (gel), the results of the current

fMRI study showed activations in core regions of the pain

matrix, such as the insula, thalamus and primary somato-

sensory cortex. More importantly, during cold pain
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simulation, significant de-activations were observed in

the medial orbitofrontal cortex, one of the core regions

of the brain reward system. This result is consistent with

one of the central assumptions of the opponent-process

theory that had not received enough scientific attention

thus far. Future studies will need to identify the potential

neurotransmitters involved in the complex pleasure–pain

interactions. fMRI studies will also need to examine how

pain–reward interactions are involved in the development

of chronic pain and its affective comorbidities, namely

depression and addiction. To pursue these investigations,

the experimental paradigm used in the current study (eg

the modified CPT) can be considered as a valid option.
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