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Behavioral/Systems/Cognitive

Mood Influences Supraspinal Pain Processing Separately
from Attention

Chantal Villemure and M. Catherine Bushnell
Alan Edwards Centre for Research on Pain, McGill University, Montréal, Québec, Canada H3A 2B2

Studies show that inducing a positive mood or diverting attention from pain decreases pain perception. Nevertheless, induction manip-
ulations, such as viewing interesting movies or performing mathematical tasks, often influence both emotional and attentional states.
Imaging studies have examined the neural basis of psychological pain modulation, but none has explicitly separated the effects of
emotion and attention. Using odors to modulate mood and shift attention from pain, we previously showed that the perceptual conse-
quences of changing mood differed from those of altering attention, with mood primarily altering pain unpleasantness and attention
preferentially altering pain intensity. These findings suggest that brain circuits involved in pain modulation provoked by mood or
attention are partially separable. Here we used functional magnetic resonance imaging to directly compare the neurocircuitry involved in
mood- and attention-related pain modulation. We manipulated independently mood state and attention direction, using tasks involving
heat pain and pleasant and unpleasant odors. Pleasant odors, independent of attentional focus, induced positive mood changes and
decreased pain unpleasantness and pain-related activity within the anterior cingulate (ACC), medial thalamus, and primary and second-
ary somatosensory cortices. The effects of attentional state were less robust, with only the activity in anterior insular cortex (aIC) showing
possible attentional modulation. Lateral inferior frontal cortex [LinfF; Brodmann’s area (BA) 45/47] activity correlated with mood-
related modulation, whereas superior posterior parietal (SPP; BA7) and entorhinal activity correlated with attention-related modulation.
ACCactivity covaried with LinfF and periacqueductal gray activity, whereas alC activity covaried with SPP activity. These findings suggest

that separate neuromodulatory circuits underlie emotional and attentional modulation of pain.
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Introduction
Attention and emotion impart a value system to sensory processing,
allowing the CNS to mold sensory experience into a subjective land-
scape (Mesulam, 1998). Experimental and clinical studies show that
diverting attention from pain and inducing a positive mood usually
decrease pain perception, whereas focusing on pain or inducing a
negative mood increases it (Villemure and Bushnell, 2002).
Imaging studies of attentional pain modulation commonly
show that decreased pain during distraction is paralleled by de-
creased activity in thalamocortical ascending pain pathways (Ap-
karian et al., 2005). Such areas include thalamus, primary and
secondary somatosensory cortices (S1, S2), insular cortex (IC),
and anterior cingulate cortex (ACC) (Bushnell et al., 1999; Fran-
kenstein et al., 2001; Longe et al., 2001; Bantick et al., 2002;
Brooks et al., 2002; Hoffman et al., 2004; Seminowicz et al., 2004;
Buffington et al., 2005; Wiech et al., 2005; Dunckley et al., 2007).
Brain areas actively involved in modulating pain transmission
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during distraction from pain have been less studied. Existing re-
ports suggest that periacqueductal gray (PAG), ACC, orbitofron-
tal cortex (OFC), and posterior parietal cortex (PPC) are in-
volved (Peyron et al., 1999; Petrovic et al., 2000; Tracey et al,,
2002; Valet et al., 2004).

Nevertheless, most of these studies have not measured or con-
trolled for simultaneous changes in the subjects’ emotional state
or arousal evoked by the stimuli and/or tasks creating the distrac-
tion. In some cases, scans were compared during a pain-alone
condition and a condition in which pain was presented along
with another sensory stimulus (Longe et al., 2001; Brooks et al.,
2002; Hoffman et al., 2004). Other studies presented pain with
and without a demanding cognitive task (Petrovic et al., 2000;
Frankenstein et al., 2001; Bantick et al., 2002; Seminowicz et al.,
2004; Valet et al., 2004; Buffington et al., 2005). Either way, the
level of arousal, anxiety, and/or mood could differ between con-
ditions, contributing to the findings.

Imaging studies directly addressing emotional pain modula-
tion are fewer. One study evaluated the influence of anxiety on
pain perception (Ploghaus et al., 2001). High anxiety increased
pain and evoked more activity in entorhinal cortex (ERC), mid
insular cortex (midIC), and perigenual cingulate. Another study
showed that nonpainful esophageal stimulation evoked more
ACC activity in a fearful than in a neutral emotional context
(Phillips et al., 2003). Furthermore, high fear increased discom-
fort and anxiety ratings as well as brain activation within ACC, an-



706 - ). Neurosci., January 21, 2009 - 29(3):705-715

terior insular cortex (aIC), and Brodmann’s
area (BA) 45 more than low fear. Neither
study measured or controlled for possible
concurrent changes in the subjects’ atten-
tional state.

We previously showed differential pain
modulation by mood and attention, with
mood modifying preferentially pain un-
pleasantness and attention affecting mainly
pain intensity (Villemure et al., 2003). Con-
sistently, other studies show that mood se-
lectively alters pain affect (Zelman et al,
1991) and pain unpleasantness is more
strongly affected by emotions than pain in-
tensity (Rainville et al.,, 2005). Together,
these studies suggest that emotions and at-
tention alter pain by invoking partially sepa-
rable neuromodulatory circuits. To test this
hypothesis, we directly compared changes in
neural activity associated with emotional
and attentional pain modulation, using the
paradigm that permitted us to dissociate the
perceptual effects of these manipulations
(Villemure et al., 2003).

Materials and Methods

Subjects

Fourteen subjects (five males) between 18 and
28 years of age (mean, 23; SD, 3) completed the
study and were paid for their participation. The
study was approved by the McGill University
Institutional Review Board, and written in-
formed consent was obtained from each sub-
ject. Potential subjects were included if they
demonstrated attentional or emotional modu-
lations in a screening session using our experi-
mental task. Exclusion criteria were the same as
in our previous study (Villemure et al., 2003),
with the addition of significant claustrophobia
and other magnetic resonance imaging (MRI)-
related contraindications. Subjects were in-
structed not to wear scented products.

General procedure

Written consent was obtained, olfactory func-
tion was evaluated (for details, see Villemure et
al., 2003), and olfactory and thermal stimuli
were chosen for each subject. The specific tem-
peratures were determined individually to pro-
duce moderate pain in the absence of odors,
and odorants were chosen individually to in-
sure highly pleasant and unpleasant valences.
Subjects then practiced the intensity discrimi-
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Figure1.  Alternating warm/pain task. In this task, subjects received 20 warm (40°C) and 20 painfully hot (3 s plateau) stimuli
inan alternating manner separated by a 4 s ISl in which the temperature was 38°C. Three areas of the inner calf were used for the
presentation of the heat stimuli. The thermode was moved from one area to the next after each warm and painful heat pair. Puffs
of unscented air were delivered with each thermal stimulus. Subjects had to attend to the heat and were asked for their ratings at
the end of the trial (see Materials and Methods for details). Because the baseline temperature and the rise/fall time were constants
(38.and 10°C/s, respectively), the total duration of the task varied according to the temperatures used (higher painful tempera-
tures resulted in longer duration). The shadowed boxes represent the time periods analyzed for brain activations. Periods of
baseline heat when the thermode was not moved (pale gray boxes) were subtracted from painful heat periods (dark gray boxes).
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Figure2. Intensity discrimination task. For this task, both painful heat and odorants (pleasant or unpleasant) were delivered
simultaneously. The thermode was moved after each pair of stimuli to another of the three regions of the inner calf. In the example
shown here, the subjects attended the painful heat and performed the heat intensity discrimination task, evaluating whether the
second stimulus of the pair was stronger or the same intensity as the first after each pair. Twelve discriminations were performed
in each of the following four conditions: (1) attending heat in the presence of a good odor (AHGO); (2) attending heat in the
presence of abad odor (AHBO); (3) attending toa good odor in the presence of painful heat (AOGO); and (4) attending to a bad odor
in the presence of painful heat (AOBO). The order was counterbalanced between subjects. At the end of the trial, subjects gave
theirratings of pain intensity and unpleasantness, odor intensity and hedonics, mood, and anxiety (see Materials and Methods for
details). Because the baseline temperature and the rise/fall time were constants (38 and 10°C/s, respectively), the total duration
of the task varied according to the temperatures used (higher temperatures resulted in longer duration). The shadowed hoxes
represent the time periods analyzed for brain activations reported in this study. Periods of baseline with a touch component (pale
gray boxes) were subtracted from periods of painful heat (dark gray boxes).

nation task involving either the olfactory or thermal stimuli, to direct
attention to the thermal or olfactory modality, while simultaneously ma-
nipulating odor hedonics. Subjects demonstrating attentional or emo-
tional modulation of pain perception in the discrimination task were
scheduled for their scanning session on a separate day. On the scanning
day, in-scanner ventilation was stopped to prevent odor dispersion. An
anatomical scan was first acquired, followed by five functional runs. In
the first run, subjects received alternating warm and painful heat stimuli.
The other runs were devoted to the four conditions of the intensity
discrimination task described below.

Painful heat stimuli
A temperature that evoked moderate pain in the absence of the experimental
odors was chosen for each subject, by presenting two ascending series of

discrete temperatures ranging from 36 to 50°C to three areas of the inner left
calf usinga 9 cm? contact thermode (TSA IT NeuroSensory analyzer; Medoc
Advanced Medical System). Each stimulus had a plateau time of 3 s and a
rise/fall time of 10°C/s leading to an approximate stimulus length of 5. After
each heat pulse, subjects rated stimulus intensity and pleasantness/unpleas-
antness, and a temperature was identified that the subject rated ~5 on the
intensity scale (0-10). A second heat stimulus was identified that subjects
could distinguish from the first with ~80% accuracy to be used in the dis-
crimination task. This stimulus was typically 1° more. In the discrimination
task described below, the lower painful temperature was always used as the
first stimulus of the pair, whereas the higher painful temperature appeared
pseudo-randomly in 50% of cases as the second stimulus of the pair. Subjects
were never notified that only two painful temperatures would be used in the
experimental tasks.
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Table 1. Thresholds for the different ROIs
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Brain area Total volume (mm°) Threshold ¢ for peak Threshold volume (mm?) for cluster with t > 2.5

Thresholds for pain processing-related areas
S1legarea 4229 3.2622 177
S2 9177 3.4989 324
alC 6968 347 268
Entire IC 14,509 3.6369 424
ACC 6647 3.4030 259
Perigenual cingulate 4840 3.3061 201
Thalamus 6892 3.3144 266

Thresholds for pain modulator areas
ERC 2439 3.0855 93
PAG 385 2.4350 na.
Superior parietal 12,906 3.6017 397
Inferior frontal cortex including lateral OFC 9000 3.4947 320

n.a., Not applicable.

Odor stimuli
Subjects evaluated six odors diluted to 0.1-5% v/v in an appropriate
inodorous solvent (distilled water or propylene glycol). Different types of
odors were presented including pyridine, which has a smell reminiscent
of rotten fish at the concentration used (Sigma-Aldrich Canada), and
cosmetic-grade fragrance oils with food and floral scents: China rain,
creamsicle, lemon meringue, mint, and violet (K & W Specialties). For
the odor selection, the diluted fragrances (10 ml) were presented in 60 ml
amber bottles identified with numbers. Using the pleasantness/unpleas-
antness ratings, the most preferred and disliked odors were chosen.
During the discrimination task (described below), 5 s odor pulses were
delivered by a computer-controlled odor generator (Knosys Olfactom-
eters). A transistor—transistor logic pulse generated by the thermode at
the beginning of the heat pulse triggered the opening of the appropriate
valve of the olfactometer, resulting in synchronized presentation of the
thermal and olfactory stimuli. An air flow of 0.4 I/min was used. The
odorized air from each independent channel reached the subjects
through a 10-m-long Teflon-lined tube. Each tube was connected to a
separate leg of a glass manifold. A separate opening of the manifold
connected to a vacuum pump that operated between presentations to
prevent lingering odors. A Y-shape glass piece was secured with tape just
below the subject’s nostrils for birhinal stimulation. A 10 X 21 cm Teflon
sheet was loosely taped over the subject’s nose and mouth to prevent
odor dispersion. Subjects were instructed to close their mouth and to
breathe normally through their nose. The concentrations used in the
discrimination task were 0.1 and 1% v/v for pyridine, 0.5 and 5% v/v for
mint, and 0.3 and 3% v/v for the other odors. The stronger concentration
was always used as the second stimulus of the pair, whereas the weaker
concentration appeared pseudo-randomly in 50% of cases as the first
stimulus of the pair. None of the odors used were judged as pungent or
irritating.

Measures

Numerical rating scales (NRSs) of 0—10 were used to evaluate the inten-
sity and hedonic quality (pleasantness/unpleasantness) of the odor and
painful stimuli. We stressed the differences between stimulus intensity
and pleasantness/unpleasantness using explanations adapted from Price
etal. (1983). Mood and anxiety were also assessed with similar scales. The
odor intensity scale was anchored with 0 (no odor) and 10 (extremely
intense). The pain intensity scale was anchored with 0 (no pain) and 10
(most intense pain tolerable). The pleasantness scale was used for odor
evaluation and anchored with 0 (neutral) and 10 (extremely pleasant).
The unpleasantness scale was used for both the odor and painful stimuli
and anchored with 0 (neutral) and 10 (extremely unpleasant). The good
and bad mood scales were anchored with 0 (neutral) and 10 (extremely
good or bad). The calmness and anxiety scales were anchored with 0
(neutral) and 10 (extremely calm or anxious). Subjects gave their ratings
verbally.

Experimental tasks
Alternating warm/pain task. In this task, depicted in Figure 1, subjects
were asked to attend 20 warm (40°C) and 20 painfully hot (the lowest

temperature used in the discrimination task) stimuli presented in an
alternating manner with a 4 s interstimulus interval (ISI). Puffs of un-
scented air (5 s) were delivered with each thermal stimulus. After the
termination of the scan, subjects were asked to verbally give their overall
ratings of pain intensity and unpleasantness, odor intensity and hedon-
ics, mood, and anxiety/calmness using the scales described above.

Intensity discrimination/attention task. For this task, both painful heat
and an odorant were presented simultaneously, but on some trials sub-
jects performed a heat-intensity discrimination task, whereas on other
trials they performed an odor-intensity discrimination task, thus ensur-
ing that they attended to one or the other sensory modality. In addition to
manipulating direction of attention, in this task the hedonic value of the
odorant was manipulated so that a pleasant odor was presented in half
the trials and an unpleasant odor was presented in the other half. Figure
2 provides a depiction of the paradigm. Stimuli of a pair were separated
by 4 s, and the interpair interval was set at 12 s. Subjects received four
separate conditions, each including 12 discriminations lasting ~5 min.
In one condition, subjects attended to the intensity of the noxious heat in
the presence of the good odor (AHGO), and in another, in the presence
of the bad odor (AHBO). A third and fourth condition involved attend-
ing to the intensity of the good (AOGO) or bad (AOBO) odor in the
presence of noxious thermal stimuli. The order of the conditions was
counterbalanced across subjects. In 50% of cases (pseudo-random), both
stimuli of the pair were the same intensity. The subjects’ task was to
decide whether the second stimulus of the pair was stronger or the same
intensity as the first stimulus. They used a nonverbal code to give their
answer (closed their left fist for “same” and a thumb up for “stronger”).
They received nonverbal feedback about their performance after each
discrimination (the experimenter tapped the subject’s ankle once to in-
dicate that the answer was correct and three times to indicate a wrong
answer). These nonverbal signals were given during time periods ex-
cluded from functional magnetic resonance imaging (fMRI) analysis. To
maximize the attentional demand of the discrimination tasks, we chose
stimulus intensity differences that led to a submaximal performance (we
aimed for 80% correct). Immediately after the 12th discrimination of
each condition, once the scan acquisition was over, subjects provided the
experimenter with verbal ratings of overall pain intensity and unpleas-
antness, odor intensity and hedonics, mood, and anxiety/calmness using
the scales described above.

Statistical analysis of behavioral data

All statistical analyses were performed with SPSS 15.0 for Windows
(SPSS). A significance level of p < 0.05 was adopted for all analyses. We
used the general linear model with two repeated measures with two levels
each (ATTENTION: pain or odor; ODOR VALENCE: good or bad) for
the separate analyses of the dependent variables performance, pain in-
tensity, pain unpleasantness, mood, and anxiety. The Tukey’s honest
significance difference (HSD) was used for post hoc analyses whenever
appropriate. In addition, we used stepwise linear regression analysis to
examine the model that best predicted changes in pain unpleasantness
ratings. The independent variables used in the regression model were
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changes in odor hedonics, mood, and anxiety.
Pain unpleasantness ratings in the GO condi-
tion were subtracted from the pain unpleasant-
ness ratings obtained in the BO condition.
Odor hedonics, mood, and anxiety ratings ob-
tained in the BO condition were subtracted
from those obtained in the GO conditions. A
positive number reflected an improvement in
pain, odor hedonics, mood, or anxiety associ-
ated with the pleasant odorant.

MRI acquisition and general procedures

A 1.5 tesla MRI scanner (Siemens) with a stan-
dard head coil was used. Anatomical scans were
collected using a high-resolution, T1-weighted
anatomical protocol [repetition time (TR), 22
ms; echo time (TE), 9.2 ms; flip angle, 30°; field
of view, 256 mm?]. Functional scans were col-
lected using a blood oxygenation level-
dependent (BOLD) protocol with a T2*-
weighted  gradient echoplanar  imaging
sequence (TR, 4 s; TE, 50 ms; flip angle, 90°).
The scanning planes were oriented parallel to
the line between the anterior and posterior
commissures. Thirty-six 4 mm slices were ac-
quired covering the brain from the top of the
cortex down to the base of the cerebellum.

Global searches for pain-evoked activation
Functional data were first corrected for motion
by registering all volume acquisitions to the
third volume in the scan and then spatially
smoothed with a 6 mm full-width at half-
maximum Gaussian kernel. The first three vol-
umes were excluded to ensure steady-state
magnetization. Both the anatomical and func-
tional volumes were resampled into standard
stereotaxic space based on the Montreal Neuro-
logical Institute (MNI) 305 template (Collins et
al.,, 1994). Therefore, all activations are re-
ported using MNI coordinates. Functional im-
ages were processed, and f-statistic images rep-
resenting changes in BOLD contrast were
generated with fMRISTAT-MULTISTAT soft-
ware developed at the MNI (Montreal, Canada;
available at http://www.math.mcgill.ca/keith/
BICstat). The statistical analysis of the fMRI
data was based on a linear model with corre-
lated errors (Worsley et al., 2002). Temporal
drift was removed by adding polynomial co-
variates in the frame times, up to degree 3, to the
design matrix. All t-statistic images were
thresholded ( p = 0.05) using a Bonferroni cor-
rection based on the number of voxels in the
search region or the random field theory,
whichever gave the minimum threshold (Wors-
ley et al., 1996; Cao, 1999).

The volume of the whole-brain gray matter
was estimated to be 1,200,000 mm? (18,750
voxels), yielding a threshold ¢ value of 4.8 for
the global search.

Directed search analysis

Based on a review of previous studies (Apkarian
et al, 2005), directed searches of pain
processing-related areas were performed in S1
leg area, S2, alC, entire IC, dorsal ACC, peri-
genual cingulate, and thalamus. For pain mod-
ulatory areas, directed searches were performed
in regions previously shown to be activated
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Figure3. Thalamicand cortical activity evoked by heat pain in the alternating warm/pain task. The pain network activated by
the painful heat stimuli when no attentional or emotional modulations are used is shown. Ipsi, Ipsilateral; Contra, contralateral. All
figures depict neurological orientation (left is left).
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Table 2. Pain processing-related areas in the absence of attentional or emotional
modulations

Region (BA) MNI coordinates tscore Cluster size
Contralateral ACC 8,14,34 3.466 368
Ipsilateral ACC —8,12,34 3.568 216
Contralateral insula 32,16,8 3.737 13,128
42,6, —10 4.773
42, —4,—2 4.246
Contralateral 52 56, —14,14 5.138
62, —18,22 4111
Ipsilateral insula —44,2,2 3.958 7112
—34,2,6 3.438
—34,—2,10 3.446
—42,—8,0 4.806
—42,-10,2 4.820
—42,—14,8 4.394
—38,—16,18 3.648
Ipsilateral 52 —50,—24,22 3.541 1632
Contralateral medialTH 6, —24,0 5.532 1376
2,—18,0 4.839
Contralateral S1 10, —42, 64 4.102 896
14, —44,62 3.916

Thalamic and cortical regions show increased BOLD response during the alternating warm/pain condition for the
painful stimuli compared with warm nonpainful baseline. Cluster size refers to the size of the cluster in cubed
millimeters with ¢ values superior to 2.5. t scores significant in global search are bolded and underlined. ¢ scores and
cluster sizes significant in the directed search are indicated in bold.

during psychological modulation of pain or otherwise implicated in at-
tentional or emotional processes. These areas were the PAG (Tracey etal.,
2002; Valet et al., 2004), the inferior frontal cortex including the orbital
parts (Esch and Stefano, 2004; Kringelbach, 2005; Petrovic et al., 2005),
the ERC (Ploghaus et al., 2001), and the superior parietal cortex (Pe-
tersen et al., 1994; Hsieh et al., 1995; Corbetta and Shulman, 2002; Dun-
can and Albanese, 2003; Behrmann et al., 2004; Shomstein and Yantis,
2004, 2006; Fan et al., 2005; Hahn et al., 2006; Lepsien and Nobre, 2006).
The volume of the different regions of interest (ROIs) were obtained by
drawing each region on the average brain of the 14 subjects, except for
frontal and S1 regions where sulcal anatomy was not clear enough in the
average brain. For these two regions, individual brains were used. These
volumes were used to calculate the threshold ¢ values for directed
searches and extent thresholds for cluster analysis. Refer to Table 1 for the
volumes, peak thresholds, and cluster size thresholds of the different
ROIs.

fMRI analysis for alternating warm/pain task

In this task, we contrasted the brain activation evoked by pain (defined as
the beginning of each painful temperature plateau plus 4 s) with the brain
activation evoked by the baseline temperature (defined as the 3.5 s period
preceding the rise of pain) (Fig. 1). This represented the brain activity
associated with heat pain for each subject. We then combined the scans of
all subjects to obtain group statistical maps. Global and directed searches
within the group statistical map permitted the identification of the tha-
lamic and cortical areas representing the pain network susceptible to be
modified by the attentional and emotional modulations in this study.

fMRI analysis of discrimination task

Identification of pain-processing areas. To determine brain regions acti-
vated by the painful stimuli, we compared the BOLD signal during pain
with that during a contrast period of nonpainful temperature. Analyses
were performed contrasting the first painful stimulus of each pair, the
second painful stimulus of each pair, or all painful stimuli of the pairs
with the 3.5 s period preceding the rise of either the first or second painful
stimulus of the pair. Independent of whether we used the first, second, or
both painful stimuli of the pairs, we found the most robust pain-evoked
activation using the contrast period preceding the second stimulus of
each pair. Furthermore, overall, using all painful stimuli generated
higher t values, so data presented below were determined by contrasting
all painful stimuli to the period preceding the second stimuli of each pair
(Fig. 2).
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The contrast was obtained for all four experimental conditions
(AHGO, AHBO, AOGO, and AOBO) for each subject. For each subject,
we combined specific contrasts to obtain the brain activation associated
with (1) attending heat regardless of odor type (AH = AHGO + AHBO),
(2) attending odors with pain present regardless of odor type (AO =
AOGO + AOBO), (3) good odor regardless of attention direction (GO =
AOGO + AHGO), and (4) bad odor regardless of attention direction
(BO = AOBO + AHBO) and performed the following subtractions (1)
AH — AO and (2) BO — GO. The scans of all subjects for each of these
contrasts were combined to obtain group statistical maps. Examination
of the group statistical map of AH, AO, and AH — AO identified the pain
processing-related areas modulated by attention direction, whereas ex-
amination of BO, GO, and BO — GO identified the pain processing-
related areas modulated by emotional context. For the subtraction maps,
because we were testing unidirectional a priori hypotheses about the
activation decrease caused by distraction or mood improvement related
to the pleasant odors, we applied a threshold fvalue of 1.771 (df = 13;p <
0.05, single sided). This threshold ¢ value was adjusted for the number of
subtractions being assessed in a given condition. For example, when
evaluating four subtractions in a given condition, a threshold ¢ value of
2.533 was used (df = 13; p < 0.0125, single sided).

Identification of possible pain modulators. To identify brain areas pos-
sibly implicated in attentional and emotional pain modulation, we lin-
early weighted the BOLD signal with the subject’s NRS ratings (for AH,
AO, BO, GO) and changes in NRS ratings between conditions (for sub-
tractions AH — AO and BO — GO). Pain intensity scores were used as the
weighting factor for the attentional condition involving the comparison
of AH and AO, because direction of attention primarily influences per-
ceived pain intensity (Villemure et al., 2003). Pain unpleasantness scores
were used as the weighting factor for the emotional modulation involving
the comparison of BO and GO, because odor-evoked changes in mood
primarily influence pain unpleasantness (Villemure et al., 2003). To con-
sider a region modulatory for pain, we required that the activation in that
region meet the following criteria: (1) the area was significantly activated
in the individual conditions (AH and BO) when weighted with pain
perception scores; and, most importantly, (2) the area was significantly
activated in the subtractions (AH — AO and BO — GO) weighted with
the change in pain perception. We refer to these regions as possible pain
modulators.

Covariation (functional connectivity) analyses

Functional connectivity analyses can identify brain regions in which the
BOLD response covaries with the activity of a selected reference voxel
during a particular task. We were interested to see whether the activity in
the key pain-processing regions modulated by the attentional and emo-
tional manipulations covaried with the activity of regions identified as
possible pain modulators. Covariation of the signal of the pain
processing-related regions and the potential pain modulators would fur-
ther support a functional link between the two. However, no causal rela-
tionship can be identified with this method. The key cortical area of the
pain matrix modulated by mood was identified by comparing signals in
BO and GO conditions. Individual peak activation levels within this area
during the BO condition were measured and used as regressors (weight-
ing factors) in a new model to estimate covariation. The BO condition
was chosen over the GO condition or BO — GO subtraction map because
the pain processing-related signal was the strongest in BO. A similar
approach was performed for the attention modulation using the AH
condition.

Results

Psychophysical results

Selection of stimuli

The temperatures that were determined in the preliminary ses-
sion to be moderately painful ranged from 44 to 50° (mean *+ SD,
46.8 = 1.5°C). The second temperature of the pair that was dis-
criminated from the first ~80% of the time was most commonly
1°C greater than this (47.8 = 1.5°C). The average performance
scores on the discrimination task were as follows (mean = SE):
AHGO, 83 *= 3%; AHBO, 85 * 3%; AOGO, 72 * 4%; AOBO,
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57 = 5%. There was no significant effect of
the factor ODOR (F, ,5y = 3.78; p > 0.07).
There was a significant effect of the factor
ATTENTION (F, .5 = 17.55; p < 0.01)
reflecting a better performance on the heat
discrimination task (84 * 2%) than on the
odor discrimination task (65 * 4%), but
there was also a significant interaction be-
tween the factors ATTENTION and
ODOR (F(; ;3) = 5.46; p < 0.04). The post
hoc test (Tukey’s HSD) shows that this was
attributable to the poorer performance in
AOBO compared with all other conditions
(all p < 0.05), whereas the performances
in AHGO, AHBO, and AOGO were not
significantly different from each other (all
p > 0.09). So, although the matching of
task performance was not as successful in
the scanner as during pretesting, the per-
formances for all tasks were above chance
and submaximal, indicating that the tasks
were difficult enough to maximize atten-
tional demand but not so difficult as to
discourage the subject from performing

the tasks. Figure 4.
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Attentional modulation
alC

Attentional modulation network. Attentional effects within the previously identified pain network are observed in

the alC. All figures depict neurological orientation (left is left).

Influence of direction of attention
Direction of attention (to pain or odor)

Table 3. Pain processing-related areas modulated by the attentional and emotional tasks

significantly influenced pain intensity rat-

ings. Subjects rated pain as more intense
when they attended to it (main effect of
factor ATTENTION: AH (mean *+ SE),
7.8 = 0.2, A0, 6.5 + 0.4; F, 5, = 13.46;
p < 0.01). Direction of attention did not
significantly affect pain unpleasantness
(main effect of factor ATTENTION: AH,
6.1 20.4;A0,53* 0.5 F ;35 =3.13;p>
0.1; or interaction: F(, ;5) = 0.40; p > 0.5),
mood (main effect of factor ATTENTION:
AH, 1.9 % 0.7, AO, 1.4 = 0.7; F, 5, = 2.76;
p > 0.12; or interaction between ATTEN-
TION and ODOR: F, ,3) = 3.25; p > 0.09),
or anxiety/calmness (main effect of factor
ATTENTION: AH, —0.3 *= 0.8; AO,
—0.5 £ 0.8; F(; ;5 = 0.16; p > 0.7; or
interaction: F(, 5y = 3.31; p > 0.09).
This replicates our previous findings
(Villemure et al., 2003).

Influence of odor valence

Region (BA) Condition MNI coordinates tscore Cluster size
Attentional modulation
Anterior insula AH —28,16,6 4.310 1160*
A0 —28,16,6 1.105 0
AH — AO —28,14,6 1.898 0
AH —34,20,16 3.579 1160*
A0 —34,20,16 0.792 0
AH — AO —34,18,16 1.898 0
Emotional modulation
Contralateral ACC (BA24) BO 6,4,34 3.536 1800*
GO 6,4,34 —0.493 0
BO — GO 6,6,30 3.195 760*
BO 4,—4,32 4.042 1800*
G0 4,—4,32 0.090 0
BO — GO 6,0,32 3.434 760*
medialTH BO 2,—8,0 3.871 208
GO 2,-8,0 —0.881 0
BO — GO —2,—8,0 3.501 456
Contralateral 2 BO 52, —38,24 3.754 432
GO 52,—38,24 —0.260 0
BO — GO 52, —40,22 3.242 96
Contralateral S1 BO 22, —38,62 3.934 816
G0 20, —32,62 2.677 32
BO — GO 24, —38,58 2.978 536

Odor valence (good vs bad odor) signifi-

cantly influenced mood, anxiety/calm-
ness, and pain unpleasantness but not pain
intensity ratings. The thermal stimuli were
rated as more unpleasant in the presence of the bad odor than the
good odor (main effect of factor ODOR: BO, 6.3 = 0.5; GO, 5.1 =
0.5; F(; 13y = 6.95; p < 0.05) but were not rated as more intense
(main effect of factor ODOR: BO, 7.3 + 0.3; GO, 6.9 = 0.4; F, 5,
= 2.59; p > 0.1; or interaction: F, 3, = 1.43;p > 0.2). Mood was
significantly better in the good odor condition (main effect of
factor ODOR: BO, —0.4 * 1.1;GO, 3.7 = 0.6; 15, = 13.76; p <
0.0027). Subjects were also calmer when the good odor was
present (main effect of factor ODOR: BO, —1.7 £ 0.9; GO, 0.9 =

Cluster size refers to the size of the cluster in cubed millimeters with ¢ values superior to 2.5. t scores and cluster sizes significant in the directed search are
indicated in bold. *Same cluster with more than one peak.

0.8; F(, 13y = 13.84; p < 0.01). This replicates our previous find-
ings (Villemure et al., 2003).

Stepwise linear regression analysis

Because odor hedonics was found to affect pain unpleasantness,
mood, and anxiety, odor hedonics, mood, and anxiety changes were
included as independent variables in a stepwise linear regression
analysis to determine which best predicted changes in pain unpleas-
antness ratings. The only significant predictor of pain unpleasant-
ness changes in the stepwise regression was mood changes (R*> =



Villemure and Bushnell @ fMRI Study of Pain Modulation by Attention and Mood

Emotional modulation

Figure5. Emotional modulation network. Emotional effects within the previously identified pain network are observed in ACC,
thalamus, 52, and S1. All figures depict neurological orientation (left s left).
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0.29; F; 13y = 4.898; p < 0.05). This suggests
that effects of odors on pain unpleasantness
were indeed mediated through mood
changes.

fMRI results

Activation evoked by painful stimuli
compared with warm stimuli

In the absence of attentional or emotional
modulation, the following thalamic and
cortical brain areas were activated by the
painful heat stimuli: contralateral (right)
medial thalamus (medialTH) and S1, bilat-
eral 2, alarge extent of midIC and aIC bilat-
erally, and bilateral ACC (Fig. 3, Table 2).

Pain processing areas modulated by
direction of attention

Within the pain network identified previ-
ously, direction of attention altered pain-
evoked activity only in the ipsilateral aIC
(Fig. 4, Table 3). Activity in this area was
significant both in terms of peak t value
and spatial extent when attending to pain
(AH condition) but not when attending to
odors (AO condition). In the subtraction
map (AH — AO), alC activation did not
reach the statistical criterion for a new dis-
covery in this region (criterion t = 3.4171)
(Table 1) but met the one-tailed ¢ test cri-
terion established to test the a priori hy-
pothesis that the activation was stronger in
AH than AO.

Pain processing areas modulated by mood
Pain-evoked activity was greater during
the bad odor/worse mood (BO condition)
than during the good odor/better mood
(GO condition) in the contralateral ACC,
medialTH, and contralateral S1 and S2
(Fig. 5, Table 3). In the subtraction map
(BO — GO), all these activations reached
the one-tailed ¢ test criterion established to
test the a priori hypothesis that the activa-
tion was stronger in BO than GO and the
statistical criterion for a new discovery in
these regions (see Table 1 for the different
thresholds) except for S2, which met only
the former criterion.

Possible pain modulators in

attentional context

There was a significant superior posterior
parietal (SPP; BA7) activation in the AH
condition weighted with the pain intensity
score and in the subtraction AH — AO
weighted with the change in the pain in-
tensity score (Fig. 6 A, Table 4). Addition-
ally, there was a significant ERC (BA28)
activation in AH condition weighted with
the pain intensity score and in the AH —
AO condition weighted with the change in
pain intensity perception. Furthermore, in
the AH condition, the activity of aIC pos-
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itively covaried with the activity of SPP
(Fig. 6A, Table 5). There was a positive
correlation between activity within alC
and ERC, but it did not reach statistical
significance (Fig. 6 A, Table 5).

Possible pain modulators in

emotional context

The right LinfF gyrus orbital part (BA47)
was significantly activated in the BO con-
dition weighted with pain unpleasantness
scores and in the BO — GO condition
weighted with the change in the pain un-
pleasantness score (Fig. 6B, Table 4).
Additionally, there was a close to signifi-
cant activation  (f,o. = @ 3.464;
Lihreshold = 3-495) of the right LinfF gyrus
triangular part (BA45/47) in the BO con-
dition weighted with the pain unpleasant-
ness score and a significant activation of
this region in the subtraction BO — GO
weighted with the change in the pain un-
pleasantness score. Furthermore, in the
BO condition, the activity of ACC posi-
tively covaried with the activity in LinfF
cortex triangular and orbital parts (BA45/
47) and PAG (Fig. 6B, Table 5).

Discussion

We found evidence of separate neural cir-
cuits underlying emotional and atten-
tional pain modulation. Pleasant odors,
independent of attentional focus, induced
positive mood changes and decreased pain
unpleasantness perception and pain-
evoked activity in ACC, medialTH, S1, and
S2. LinfF (BA45/47) activity correlated
with the amount of pain modulation pro-
duced by emotional context and, ACC ac-
tivity covaried with LinfF and PAG activ-
ity. Attending odors during pain decreased
pain intensity perception and pain-evoked
activity in alC. SPP (BA7) and entorhinal
activity correlated with the amount of pain
modulation produced by attention direc-
tion, but alC activity covaried only with
SPP activity.

Emotional modulation

The ACC showed the largest mood modu-
lation, but modulation also occurred in
medialTH, S2, and S1. ACC activity was
previously implicated in pain affect (Rain-
ville et al., 1997; Tolle et al., 1999), consis-
tent with our finding that odor-evoked
mood changes preferentially modulate
pain unpleasantness. The mood-related
modulation in medialTH suggests that
mood-related changes in nociceptive pro-
cessing involve descending modulatory
circuits affecting subcortical regions. S1
and S2 activity is most often attributed to
sensory-discriminative aspects of pain

Villemure and Bushnell @ fMRI Study of Pain Modulation by Attention and Mood

a. Possible pain modulators in attentional condition
Superior parietal (BA 7) Entorhinal (BA 28)

Possible pain modulators that covary with alC in AH
Superior parietal Entorhinal (n.s.)

b. Possible pain modulators in emotional condition
Lateral inferior frontal (BA 45/47)

32

Possible pain modulators that covary with ACC in BO
Inferior frontal 3501

3.124

Figure6. Possible painmodulating regions. 4, Attentional condition weighted (w) with pain intensity scores for AHw and AOw
conditions and with the difference in pain intensity ratings between attentional conditions (NRS score in AH minus NRS score in
AO) for the subtraction AH — AOw. Activity within the SPP (BA7) and the ERC (BA28) correlated with both the pain intensity
ratings and the change in pain intensity ratings between attentional conditions. Activity within alC (the key perceptual region
modulated by attention direction) covaried with superior parietal activity and, to a lesser degree (not statistically significant), with
entorhinal activity in the AH condition. B, Emotional condition weighted with pain unpleasantness scores for BOw and GOw
conditions and with the difference in pain unpleasantness ratings between emotional conditions (NRS score in BO minus NRS score
in GO) for the subtraction BO — GOw. Activity within the LinfF, triangular and orbital parts (BA45/47), correlated with both the
pain unpleasantness ratings and the change in pain unpleasantness ratings between emotional conditions. Activity within ACC
(the key perceptual region modulated by mood) covaried with both the inferior frontal cortex and PAG activity in the BO condition.
All figures depict neurological orientation (left is left).
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Table 4. Potential pain modulators associated with the attentional and emotional conditions
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descending connections with PAG. This is

Region (BA) Condition MNIcoordinates  tscore  Clustersize  consistent with our finding that PAG ac-
) . tivity covaried with ACC and BA45/47 ac-
Attentional modulation tivity duri tional dulati I
SPP (BA7) AHw —18,-50,70 4362 208 ivity during emotional modulation. In
AW 18, —50.70 1375 0 humans, lateral OFC was also implicated in
AH — AOw —18, —50,70 3.400 184 a Variety of cognitively driven pain modu-
ERC (BA28) AHw 18, —4, —38 3.335 80 lations. OFC, with its rostral ACC and
AOw 18, —4,—38 0.70 0 brainstem connections, belongs to a net-
AH — AOw 14, —4, —34 3171 104 work using cognitive cues to activate the
Emotional modulation endogenous opioid system (Petrovic et al.,
Inferior frontal gyrus—trianqular part (BA45/47) BOw 46,32,10 3464 192 2002). The relative activity increase in lat-
GOw 46,32,10 =007 0 eral OFC during pain could represent a
BO — GOw 48,3212 363 376 source of cognitive modulation of emo-
Inferior frontal gyrus— orbital part (BA47) BOw 50,32, —4 5.364 1336 . . R .
Gow 50,32 —4 36 0 tional aspects of pain processing (Petrovic
BO — GOw 4832 —6 3.653 1344 and Ingvar, 2002). Alternatively, this co-

The AHand AO conditions were weighted (w) with pain intensity scores, whereas the BO and GO conditions were weighted with pain unpleasantness scores.
The subtractions were weighted with the change in pain intensity or unpleasantness ratings for the attention and emotion conditions, respectively. Cluster
size refers to the size of the cluster in cubed millimeters with ¢ values superior to 2.5. t scores significant in the directed search are indicated in bold. t scores

significant in global search are bolded and underlined. **Approaching significance.

Table 5. Covariation between the main pain processing-related areas modulated by attention (alC) or emotion

(ACC) and potential pain modulators

variation between LinfF, ACC, and PAG
could reflect descending pro-nociceptive
facilitatory mechanisms (Lovick, 2008).

Attentional modulation
When subjects attended odors, painful
stimuli evoked less aIC activation than

Region (BA) Condition MNI coordinates (x, y, 2) tscore Clustersize (b op they attended pain. This finding is
Attentional condition (areas that covary with alC) arguably weaker than the emotional con-
alC AH —28,16,6 5.623 5336 text findings because aIC activation
SPP (BA7) AH —18,—50,70 4333 224 reached significance in an a priori hypoth-
ERC (BA28) AH 16, —4, —38 2761 40 esis but not using a new discovery crite-
Emotional condition (areas that covary with ACC) rion. Nevertheless, the modulation of aIC
ACC(BAZ4) B0 —2,10,32 3.774 4672* is consistent with the literature on atten-
B0 42,32 5961 4612 tional pain modulation, in which insula

Inferior frontal—triangular part (BA45/47) BO 46,32,10 4,158 752% .. >
Inferior frontal— orbital part (BA47) BO 48,30, —4 3.706 752% modulation IS. often described (Longe et
PAG 80 6,—32,—16 3.184 480 al., 2001; Bantick et al., 2002; Brooks et al.,

Cluster size refers to the size of the cluster in cubed millimeters with t values superior to 2.5. t scores and cluster sizes significant in the directed search are
indicated in bold. ¢ scores significant in global search are bolded and underlined. *Same cluster with more than one peak.

perception. However, there are neural pathways connecting these
regions to brain areas implicated in pain affect such as ACC
(Price, 2000). Thus, S1 and S2 could indirectly participate in the
affective dimension of pain through serial mechanisms by which
sensory aspects of pain contribute to unpleasantness (Price,
2000).

We identified LinfF (BA47/BA45) as potential emotional pain
modulators, because their activity correlated with changes in pain
unpleasantness ratings between emotional conditions and covar-
ied with ACC and PAG activity. Phillips et al. (2003) implicated
BA45 in emotional modulation of nonpainful esophageal stimu-
lation. The OFC, including BA47 in humans, receives input from
all sensory modalities (including visceral) and has direct recipro-
cal connections with brain regions important for pain percep-
tion, such as ACC and PAG (Cavada et al., 2000; Kringelbach,
2005). Consequently, OFC is well placed to integrate sensory and
visceral information, suggesting its involvement in emotional
processing (Kringelbach, 2005). Lateral OFC activity generally re-
lates to negative emotions (Murphy et al., 2003) and evaluation of
punishers, whereas medial OFC is implicated in reward (Krin-
gelbach, 2005). Consistent with this idea, more lateral OFC activ-
ity was observed when pain was associated with unpleasant odors.
Similarly, lateralOFC was activated when pain and thirst were
experienced simultaneously, but not separately (Farrell et al.,
2006).

Animal studies implicate the ventrolateralOFC in antinoci-
ception/analgesia, suggesting the effects are mediated through

2002; Hoffman et al., 2004; Seminowicz et
al., 2004; Dunckley et al., 2007). Further-
more, our psychophysical data showing
that attention preferentially altered pain
intensity ratings are consistent with other data implicating aIC in
thermal intensity perception (Coghill et al., 1999; Craig et al.,
2000; Olausson et al., 2005).

SPP (BA7) was identified as a potential attentional pain mod-
ulator because its activity was related to the change in pain inten-
sity between attentional conditions and covaried with aIC activ-
ity. Increased SPP activity corresponded to increased aIC activity.

A role of the PPC, including SPP (BA7), in pain attention has
been suggested (Duncan and Albanese, 2003) but not demon-
strated (Apkarian et al., 2005). Studies involving other sensory
modalities implicate BA7 in attentional processes as part of a
bilateral dorsal frontoparietal system involved in intentional at-
tention orienting (Petersen et al., 1994; Corbetta and Shulman,
2002; Shomstein and Yantis, 2004, 2006; Hahn et al., 2006; Lep-
sien and Nobre, 2006) and focused attention (Pardo et al., 1991;
Burton and Sinclair, 2000; Behrmann et al., 2004; Nebel et al.,
2005). Attentional orienting can bias information processing, op-
timizing cortical representation and thus perception of relevant
information (Yantis and Serences, 2003; Lepsien and Nobre,
2006). Superior parietal activity would enhance activity within
sensory cortices (Wu et al., 2007), possibly synchronizing the
spiking activity in targeted neurons representing the attended
object, thus driving more effective representations (Yantis and
Serences, 2003). Attending painful stimuli could increase parietal
activity leading to better processing of those stimuli, reflected by
increased alC activity and pain intensity perception.

A positron emission tomography study showing increased re-
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gional cerebral blood flow in PPC in chronic pain patients pro-
vides additional evidence for a role of PPC in attentional aspects
of pain processing (Hsieh et al., 1995). The authors suggested that
PPC activation during chronic pain may reflect increased atten-
tion and vigilance that patients devote to their condition.

Our data suggest an involvement of ERC in attentional pain
modulation, because ERC activity correlated with the amount of
pain modulation produced by attention direction. However, this
must be interpreted with caution, because the correlation be-
tween the activities of alC and ERC failed to reach significance.
When weighing the data by magnitude of attention-related per-
ceptual changes, we found that ERC was preferentially activated
when subjects attended pain. Other studies have implicated ERC
in attentional processes, particularly in relation to its connections
with PPC (Burwell, 2000). This contrasts with the results of
Ploghaus et al. (2001), who reported ERC’s involvement in emo-
tional pain modulation. They compared brain activity evoked by
mildly painful stimuli during a condition in which subjects were
certain that they would receive mild pain (low anxiety) and a
condition in which they knew they might equally well receive an
intense pain (high anxiety). However, because no direct measures
of anxiety or attention were taken, it is equally feasible that sub-
jects were more attentive to the stimulus in the uncertain than in
the certain condition. We cannot exclude that some ERC areas
are associated with emotional pain modulation and others with
attentional modulation because our peak activity was more ante-
rior than theirs.

Some neuroimaging studies involving pain and different types
of distraction implicated PAG in attentional pain modulation.
Tracey et al. (2002) observed that PAG activation increased sig-
nificantly when subjects used thoughts to distract themselves.
Valet et al. (2004), using the incongruent color-word-Stroop as
the distractor, observed that PAG activation correlated with pre-
frontal activity during the distraction task. Despite the apparently
consistent observations, these distraction tasks could easily have
changed arousal, mood, anxiety, or other emotional factors. In
our study, we found PAG activity related to mood but not atten-
tion. Our results suggest that the previous reports of PAG in-
volvement in distraction-related pain modulation could involve
emotional differences between conditions. This interpretation is
supported by Valet et al. (2004) finding that pain unpleasantness
was more profoundly modulated than pain intensity, as observed
during emotional pain modulation (Zelman et al., 1991; Ville-
mure et al., 2003; Rainville et al., 2005). PAG activity correlates
with anxiety during painful visceral stimulation (Dunckley et al.,
2005) and, in other sensory modalities, is related to emotions
such as “chills” associated with intensely pleasurable music
(Blood and Zatorre, 2001). Finally, studies of directed attention
involving vision, hearing, or touch fail to observe attention-
related PAG activation but report activation in PPC similar to the
attention-related activations in our study (Petersen et al., 1994;
Burton and Sinclair, 2000; Behrmann et al., 2004; Shomstein and
Yantis, 2004, 2006; Fan et al., 2005; Hahn et al., 2006).

Limitations

Choosing an appropriate contrast period for fMRI analysis pre-
sented a difficulty. We chose the ISI in favor of the expectation
period before the stimulus pair, because it revealed more robust
activation patterns. Nevertheless, possible expectancy and/or
memory traces during ISI (Albanese et al., 2007) probably limited
sensitivity, so that activations could have been present but not
detected. This likely explains why we did not detect significant S1
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activation or attention modulation in S1, contrasting with our
previous studies (Bushnell et al., 1999).

Some studies showed that activity in parts of ACC correlates
with odor-subjective pleasantness and unpleasantness (Rolls et
al., 2003; Grabenhorst et al., 2007). This raises the possibility that
the change in ACC activation we observed when pain is experi-
enced with either pleasant or unpleasant odors could also reflect
a change in the response to odors. However, ACC activity corre-
lating with the subjective hedonic quality of odors was found
considerably more rostrally ( y = 28, 42) than our observed ACC
modulation and, as such, is unlikely to contribute to mood-
related modulation of nociceptive responses in ACC.

Finally, all pain reports were taken immediately after each
scanning run and not after each individual stimulus. Because
each run lasted for ~5 min, these summary ratings could be
influenced by memory and differ from those taken after each
stimulus. Nevertheless, a short delay between a pain stimulus and
its rating is likely not problematic (Seminowicz and Davis, 2007).
Furthermore, we have observed attentional modulation of al-
most the exact same magnitude with pain ratings acquired after
each stimulus (Miron et al., 1989).

In conclusion, our findings suggest that emotional and atten-
tional modulations invoked mostly separable brain networks.
Emotional context preferentially modulated pain unpleasantness
and modified activity in ACC, medialTH, S1, and S2, with LinfF
and PAG identified as possible emotion-related pain modulators.
Attentional context preferentially modulated pain intensity and
activity within aIC. SPP and ERC were identified as possible
sources of attention-related modulation.
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