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Abstract
The experience of pain can be significantly influenced by expectancy (predictive cues). This
ability to modulate pain has the potential to affect therapeutic analgesia substantially and
constitutes a foundation for non-pharmacological pain relief. In this study, we investigated 1)
brain regions involved in visual cue modulation of pain during anticipation of pain, pain
administration, and pain rating; and 2) the association between pre-test resting-state functional
connectivity and the magnitude of cue effects on pain ratings. We found that after cue
conditioning, visual cues can significantly modulate subjective pain ratings. fMRI results
suggested that brain regions pertaining to the frontoparietal network (prefrontal and parietal
cortex) and a pain/emotion modulatory region (rostral anterior cingulate cortex, rACC) are
involved in cue modulation during both pain anticipation and administration stage. Most
interestingly, we found that pre-test resting state functional connectivity between the frontoparietal
network (as identified by independent component analysis) and the rACC/MPFC was positively
associated with cue effects on pain rating changes. We believe that these finding will shed new
light on our understanding of variable cue/expectancy effects across individuals and how the
intrinsic connectivity of the brain may influence expectancy induced modulation of pain.
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Introduction
The experience of pain can be significantly influenced by our expectations [1; 23; 30; 42].
Previous studies have demonstrated that positive expectancy (anticipating low intensity
pain) can significantly reduce pain, whereas negative expectancy (anticipating high intensity
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pain) can significantly increase the painful experience. Paired with expectancy-induced
changes in subjective pain ratings, there are widespread changes in the brain during the
anticipation and experience of painful stimuli. Nevertheless, the capacity to modulate pain in
response to expectancy varies substantially across individuals [54; 61], which may reflect a
crucial difference in the ability to recruit endogenous analgesia and protect our bodies from
long-term exposure to pain. Despite the large impact of expectancy cues on pain modulation,
the underlying mechanism remains unclear.

Previous investigators have hypothesized that two specific brain networks may be crucial for
the modulatory effect of expectancy cues [1]: 1) the frontoparietal control network involved
in attention and cognitive control [11] and 2) the limbic network involved in emotion
modulation [38]. However, the role of these two networks for cognitive modulation of pain,
and its relation to the individual variability of cue effects, is still unknown.

In recent years, the spontaneous low-frequency fluctuations in brain activity, observed
during rest, have drawn the attention of neuroimaging investigators [6; 19; 44]. Investigators
believe that the slow-frequency fluctuations may provide information about the intrinsic
functional organization of the brain. Accumulating evidence suggests that resting state
functional connectivity may be relevant for the understanding of human cognition and
behavior [29; 51; 56; 57; 59]. For example, it has been shown that resting-state scans can be
used to predict inhibition responses [51], reading competency [29] and memory performance
[56; 57] across individuals. These results indicate that functional synchrony within a specific
brain network during rest may influence subsequent behavioral responses that engage
regions within that same network.

Thus, using a modified cue model [1; 23; 30; 40; 47] in a relatively large cohort of subjects
(n=46), we combined task-related fMRI data with pre-test resting state fMRI data to
investigate 1) the brain networks involved in cue modulation of pain and 2) how pre-test
intrinsic resting state functional connectivity may influence subsequent pain modulation.
Specifically, we first investigated the brain activations during task-related cue modulation
using a paradigm including periods pain anticipation, pain application, and subjective pain
ratings. Then, we explored the association between the pre-test resting state functional
connectivity and the amplitude of the cue effects, using a data driven data analysis:
independent component analysis (ICA).

Based on previous ICA analyses, three networks were identified as networks of interest in
the present study. These networks, the sensory-motor, executive-control and right
frontoparietal control network [2; 7; 15; 18; 49], have reliably been observed in previous
ICA studies. These three particular networks were chosen because of their association with
perception–somesthesis–pain [49], and in particular, the frontoparietal network was chosen
because it has been implicated in cue modulation effects [1].

Experimental procedures
Subjects

Forty-eight right-handed healthy volunteers (29 female), aged 21–33 years (mean 26.4 ± 3.6
SD) participated in the study. The Institutional Review Board at Massachusetts General
Hospital approved the study and all subjects gave written informed consent.

Thermal pain stimulation
Thermal pain stimuli were delivered to the skin of the right volar forearm using a TSA-2001
Thermal Sensory Analyzer with a 3 cm × 3 cm probe (Medoc Advanced Medical Systems,
RimatYishai, Israel). All stimuli were initiated from a baseline temperature of 32°C and
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increased to a target temperature. Each stimulus was presented for 12 seconds, including 2.5
seconds to ramp up to the target temperature and 2.5 seconds to ramp down to baseline.
After each stimulus, subjects rated their pain according to the Gracely Sensory scale [20].

Experimental procedure
At the beginning of the study, subjects were told that the aim of the experiment was to
investigate the brain’s response to different levels of thermal pain. Subjects were then
familiarized with the visual presentation paradigm, including a pre-stimulus cue, a pain
stimulus symbol, and a post-stimulus rating scale. In addition, subjects were told that the
pre-stimulus cue (text saying either “HIGH” or “LOW”) would indicate the level of the
subsequent pain stimulus.

All subjects who participated in the study also participated in an unrelated behavioral study
to investigate the acute analgesic effect of different treatments (real and sham acupuncture
treatment, and placebo pill). In that study, an ascending series of heat stimuli (starting at
38°C and increasing in increments of 1°C) was applied to both arms in the first session. The
baseline temperature for the ascending series (32°C) was systemically increased to target
temperatures in order to obtain subjective pain tolerance levels or to a maximum of 52°C.
Temperatures that elicited subjective intensity ratings in the LOW pain range (~5; on the 0–
20 Sensory Box Scale) and HIGH pain range (~15 on the 0–20 Sensory Box Scale) were
selected for each subject and used in the treatment study as well as the present MRI study.
The two studies were separated by at least two weeks. Thus, at the time of this MRI study on
cue effects, subjects were familiar with the pain rating scales and heat pain administration.
Immediately prior to the fMRI scan, a brief pain sensitivity test was performed to further
confirm the subjective high and low temperatures applied in this study and adjustments were
made where needed.

During fMRI scanning, after resting state fMRI data collection, three different series of
pseudo-randomized pain sequences were applied on the right distal forearm. Subjects were
instructed to focus on a small black fixation cross in the center of the screen in front of them.
The first scan was a contextual learning scan where subjects were presented with a pre-
stimulus cue, indicating (without deception) whether they would be administered a LOW or
HIGH pain stimulus. The duration of the cue was 2 seconds and the time before onset of the
pain stimulus varied between 4, 6, 8 and 10 seconds. The duration of the pain stimulus was
always 12 seconds and the intensity of the stimulus for this first sequence always
corresponded to the pre-stimulus cue. After a delay of 4, 6 or 8 seconds, the Sensory Box
Scale was displayed on the screen for 8 seconds, and subjects rated the intensity of their
subjective pain by moving a cursor along the scale. The interval between the end of the
rating task and onset of the next stimulus cue ranged from 8 to 14 seconds, with an average
of 12 seconds (see Figure 1a). In total, this learning sequence included 4 LOW and 4 HIGH
pain stimuli.

The initial contextual learning and conditioning scan was followed by two test scans in
which the LOW cue was sometimes followed by the HIGH pain stimulus (HP) (the LC
condition), representing a condition where subjects were expected to report less pain in
response to a suggested low stimulus, and sometimes followed by the LOW pain stimulus.
Both test scans included nine stimuli, where three of the stimuli were cued as HIGH pain
and six were cued as LOW pain. Following all HIGH pain cues, a high pain stimulus was
delivered (the HC condition). However, following three of the six LOW cues, a HIGH pain
stimulus was delivered (the LC condition) instead of a LOW pain stimulus. The order of
stimuli was jittered. All other timing aspects of the two test scans were identical to the first
contextual learning/conditioning scan. The subjective pain ratings and fMRI signal changes
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evoked by the different cues (LC or HC with identical HIGH heat pain stimuli) in runs two
and three were the primary outcomes of this study.

fMRI scanning
Measurements of brain activity were obtained using a 3 Tesla Siemens MRI System
equipped for Echo Planar Imaging (EPI). Subjects were scanned with a high-resolution
MPRAGE sequence and then a six-minute resting state fMRI. During the resting state fMRI
scan, subjects were asked to look at a dark screen. The scan acquisition included 47 slices
with slice thickness of 3 mm, TR 3000ms, TE 30ms, and a 3×3mm in-plane spatial
resolution. The resting state scans were collected according to specific parameters that
allowed us to contribute our resting state data to the “Superstructure project”, a project
which aims to build a large resting state database of thousands of subjects.

Following this resting fMRI, three functional runs were collected during pain administration.
For these runs, thirty axial interleaved slices (4mm thick with 1mm skip) parallel to the
anterior and posterior commissure covering the whole brain were acquired with
TR=2000ms, TE=40ms, flip angle= 90°, and a 3.13×3.13mm in-plane spatial resolution. The
number of time points was 192 for the first functional run and 215 for both the second and
third functional runs. In the scanner, cushions and earplugs were used to reduce head
movement and dampen scanner noise. Visual presentation was performed using E-prime 2.0
software (Psychology Software Tools, Inc., USA) projected onto a screen in front of the
subject.

Task related fMRI data analysis
Pre-processing and analyses of imaging data were performed using the Statistical Parametric
Mapping 8 (SPM8) software (SPM8, Wellcome Trust Centre for Neuroimaging, London,
UK) and Matlab 7.4 (Mathworks). All functional brain volumes were realigned, spatially
normalized, and finally smoothed using an 8mm full-width at half-maximum (FWHM)
isotropic Gaussian kernel. High-pass filtering of fMRI data (cutoff: 128s) and correction for
temporal autocorrelations using AR(1) were also applied.

The univariate data analysis was performed using the general linear model (GLM). The
individual design matrix for each subject (first-level matrix) included a total of twelve
regressors. For the correctly cued stimuli, the following eight regressors were created: ‘low
cue’, ‘low anticipation’, ‘low pain’, ‘low rating’ as well as ‘high cue’, ‘high anticipation’,
‘high pain’ and ‘high rating’. For the manipulated stimuli, where a low cue was followed by
high pain, the following additional four regressors were created: ‘false low cue’, ‘false low
anticipation’, ‘false low pain’ and ‘false low rating’. A file containing the movement
parameters for each individual (three translation and three rotation axes) was obtained from
the realignment step and saved for inclusion in the model. Regression coefficients for all
twelve regressors were estimated using least squares within SPM8. Specific effects were
tested by creating contrasts of the parameter estimates, resulting in a t-statistic for each
voxel. After the individual first-level estimations, second-level analyses were performed
using three separate paired t-tests between the low-cue high pain condition (LC) and high-
cue high pain condition (HC) during three different temporal stages of the experiment: (1)
measures of brain activity during anticipation of low pain (LC) versus high pain (HC), (2)
measures of brain activity during the high pain stimulus application of HC versus LC, and
(3) measures of brain activity during the post-stimulus rating of HC versus LC.

In addition, to further explore the relationship between cue-induced subjective pain rating
changes and fMRI signal changes, we also performed a regression analysis between the pain
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rating difference evoked by different cues (HC and LC) and the corresponding fMRI signal
changes during anticipation, pain administration, and pain rating.

In accordance with results from previous studies [1; 5; 16; 25; 30; 32; 43; 46; 55], brain
regions believed to be involved in pain modulation, including the rostral anterior cingulate
cortex (rACC), dorsal lateral prefrontal cortex (DLPFC), and insula were defined as ROIs.
Similar to previous studies [16; 25; 55], for a priori ROIs, we used a threshold of voxel-wise
p<0.005 uncorrected with 25 contiguous voxels, and p < 0.05 corrected on peak coordinate
using 12 mm radius spheres for small volume correction (rACC (NMI coordinate x, y, z, 14
49 13) [60], DLPFC (−36 13 39) and insula (40 −6 −12) [55]). For non-ROI brain regions,
we used a voxel-wise threshold p<0.005 uncorrected with 25 contiguous voxels and p<0.05
FEW corrected at cluster level.

fMRI resting state functional connectivity analysis
Pre-test resting state data were processed using FSL (FMRIB’s Software Library) [50] and
AFNI [12] following the same processing steps (pipeline) as described previously [7].
Preprocessing of functional images included removal of non-brain structures, motion
correction, temporal band-pass filtering at 0.01–0.1 Hz, spatial smoothing (6 mm FWHM
Gaussian kernel), and nine parameters nuisance signal extraction. To co-register fMRI
images to a standard space, functional images were first registered to each individual’s high-
resolution T1 anatomical scan, and further registered to the MNI152 template using linear
affine transformations with 12 degrees-of-freedom.

Probabilistic independent component analysis (PICA)at low dimensionality (20
components) was performed (MELODIC, FSL [3]) to derive the group’s (n=46) resting-state
networks. The network identification was based on their spatial similarity to functional
networks described in earlier studies [7; 15; 49]. Spatial correlations between our group-
level networks and the template networks derived from 1414 healthy subjects [7] were
calculated. The group-derived networks that showed the highest spatial overlap with the
template network were assigned to that particular functional network.

In this study, the sensory-motor network, executive-control network and the right
frontoparietal network were identified a priori networks for further analysis. We chose these
three networks because they are known to be associated with pain sensation and modulation
[49].

In order to perform group-level analyses of the association between individual responses to
cue modulation and resting-state networks derived from ICA, we used a dual regression
technique used in previous studies [7; 18]. In brief, the three a priori defined networks as
mentioned above were first used as spatial regressors in a general linear model (GLM) to
extract temporal dynamics associated with each spatial map from each subject. The resulting
time-courses were then implemented as temporal regressors in a GLM to generate subject-
specific maps of whole brain for each subject. Finally, a regression analysis was performed
between the whole brain subject-specific network maps from the second GLM (representing
the strength of functional connectivity of each voxel with sensory-motor network, executive-
control network and the right frontoparietal network) and the subject’s pain rating change
(HC – LC) separately; cluster correction threshold at Z>2.3, p<0.05 was applied.

Results
Of the forty-eight subjects in total who enrolled in the study, two subjects were dropped due
to abnormal brain structures observed during MRI scanning. Behavioral data of the
remaining forty-six subjects showed that the subjective pain ratings for the low-cue low pain
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condition averaged 5±2.3 (mean± SD), the low-cue high pain condition (LC) averaged
11±2.9, and the high-cue high pain condition (HC) averaged 14±2.0during the test
sequences (sequences 2 and 3). A one-way mixed model was applied with mean pain ratings
as the response, subject as a random effect, and conditions (low-cue low pain, low-cue high
pain and high-cue high pain) as a fixed effect for the two test sequences. The result of the
mixed model showed that the contrasts low-cue low pain versus high-cue high pain, and
low-cue high pain versus high-cue high pain were both highly significant (P < 0.0001). Our
results indicate that when identical high pain stimuli were applied, the subjective pain
ratings were significantly different depending on the preceding cues. The differences
between the low-cue high pain condition and high-cue high pain condition across different
individuals ranged from −0.5 to 7.6 (median = 3.0), indicating significant individual
variability.

Task Related fMRI (Cue Effects) Results
In order to elucidate the brain regions associated with different pain intensities during task
related fMRI analyses, we compared the high and low pain conditions with correctly
matched cues (low-cue with low pain and high-cue with high pain) across the three
functional runs. Consistent with previous studies [24–26; 28; 55], results showed significant
brain activations (high pain > low pain) in the entire network of pain intensity-associated
brain regions, including the bilateral insular/opercular cortices, secondary somatosensory
cortex, dorsal anterior cingulate cortex (dACC)/medial frontal gyrus, dorsal lateral
prefrontal cortex, thalamus, caudate, cerebellum, brain stem, left primary somatosensory
cortex/primary motor cortex (Figure 1b). Corresponding subjective pain ratings were 5 ± 2.3
and 14 ± 1.8for LOW and HIGH intensity pain, respectively.

Next, we compared the high-cue high pain (HC) and low-cue high pain (LC) conditions, in
which subjects received identical levels of high pain stimuli, for each of the three pain
processing phases (anticipation, pain administration, and pain rating). During the
anticipation stage, the LC condition (LC anticipation > HC anticipation) evoked
significantly more fMRI signal increases than the HC condition in the left rACC and
cerebellum, right middle frontal gyrus, inferior frontal gyrus, and inferior parietal lobule (see
Table 1 and Figure 1c). Notably, no brain regions showed significant fMRI signal changes
in the opposite comparison (HC anticipation > LC anticipation).

During pain administration, the LC condition was associated with significant increases in
fMRI signal (LC pain > HC pain) in brain regions including the bilateral pMPFC, anterior
MPFC, middle prefrontal cortex, inferior & superior parietal lobule, angular gyrus, and
cerebellum; left rACC, right inferior frontal gyrus, anterior insula, middle temporal gyrus,
(Figure 1d and Table 1). No brain regions displayed significant fMRI signal increases in the
opposite comparison (HC pain > LC pain).

Lastly, we compared the high-cue high pain (HC) and low-cue high pain (LC) conditions
during the pain-rating task. The results of this comparison demonstrated that no brain
regions displayed significant fMRI signal differences between the LC and HC conditions
(Table 2).

A regression analysis between the pain rating difference evoked by different cues (HC and
LC) and the corresponding fMRI signal changes showed significant positive associations in
brain regions including bilateral insula/operculum, secondary somatosensory cortex, and
fusiform gyrus/cerebellum, left precentral gyrus and superior temporal gyrus, right middle
frontal gyrus, postcentral gyrus, and inferior temporal gyrus during pain administration. In
addition, we also found significant associations in the left hippocampus/parahippocampus,
middle temporal gyrus, and bilateral brain stem during pain rating stage.
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To further validate the findings from studies using a similar cue model for pain modulation
[1; 23; 30; 32] that have suggested fMRI signal decreases when comparing HC pain > LC
pain, we performed an identical comparison of the high-cue high pain (HC) and low-cue
high pain (LC) conditions in subgroups of our subjects: 16 “good responders” (top 1/3 of
subjects based on the HC-LC pain rating ranking: mean± SD 4.8 ± 1.1) and 16 “poor
responders” (bottom 1/3 of subjects based on the HC-LC ranking, 1.0 ± 1.0). The results of
this comparison indicated that in good responders, LC was associated with significant fMRI
signal decrease in left insula (p < 0.005, small volume correction using coordinate (40 −6
−12) [55] p = 0.022 peak) at 52 −4 10, with 178 voxels, compared to the HC condition. Poor
responders, in contrast, showed no significant fMRI signal change when we compared HC
and LC conditions.

fMRI pre-test resting state ICA results
Based on all 46 subjects, twenty spatial and temporal components were obtained from the
ICA analysis, similar to the results from previous ICA analyses [7; 18]. Three resting state
networks, i.e., the sensory-motor network, executive-control network, and right
frontoparietal network, were identified and validated based on previous studies that reliably
observed these three networks [7; 18] (see Figure 2). Interestingly, the right frontoparietal
network, which includes bilateral dorsal lateral prefrontal gyri, the inferior and superior
parietal lobules, highly overlapped with the brain regions observed during the analysis of
pain administration and anticipation for the contrast comparing LC and HC as mentioned
above (Figure 3a).

A regression analysis for each of the three subject-specific network maps derived from
second GLM and the behavioral cue effects (HC – LC rating) was performed. We found a
significant positive association between the second GLM map, which indicates the strength
of functional connectivity with frontoparietal network, and behavioral cue effects in bilateral
medial prefrontal cortex and left rACC (Table 3, Figure 4). Similarly, for the sensory-motor
network, significant positive associations were observed in the cerebellum and brain stem
(medulla) (Table 3). For the executive-control network, no significant association was
observed.

To explore the relationship between the difference in high pain and low pain ratings in the
first run (conditioning/learning run) and the cue effects as measured in run 2 and run 3, we
performed a Pearson correlation analysis between the difference in high pain and low pain
ratings in run 1 and the cue effects (HC-LC rating). Results showed that there is a moderate
correlation between the two (r = 0.4, p = 0.002); however, when we performed an identical
regression analysis between the difference in high pain and low pain ratings and functional
connectivity maps of different networks, no brain regions showed significant differences,
indicating that the pre-test resting state connectivity did not correlate with the response to
the contextual learning scan.

Finally, we also investigated the association between three networks and the pain threshold
and tolerance separately. The only significant association we observed was between the
executive control network and pain threshold at bilateral middle cingulate cortex/MPFC.
The network-threshold results showed no overlap with the regression analysis between the
executive control network and cue effect.

Discussion
This study investigated the neural underpinnings of how predictive cues can modulate the
subjective experience of pain, and the association between cue modulatory effects and pre-
test resting state functional connectivity. We found that predictive cues could significantly
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modulate subjective pain ratings, reflected in brain regions such as the dorsal lateral
prefrontal gyrus, and inferior parietal lobules and right rACC. Most importantly, we found a
significant association between the individual ability to modulate pain and pre-test resting
state functional coherence between the frontoparietal network and rACC and MPFC. Our
results may deepen our understanding of the individual variability in pain modulatory
responses, and ultimately contribute to the development of new treatment strategies using
endogenous analgesia.

To the best of our knowledge, this is the first study to investigate the association between
pre-test resting state functional connectivity and the cue modulation effect on pain across
different individuals. Previous studies [8; 41] have suggested that pre-stimulus functional
connectivity may predict subsequent somatosensory perception. These studies contributed to
our understanding of how sensory processing could be modulated by brain activity seconds
prior to stimulus application. However, these studies focused on trial-to-trial variability
within individual subjects, not on the variability across different individuals, which is the
focus of this study.

There is a large body of literature suggesting that the frontoparietal network, including the
prefrontal, parietal cortex and MPFC/ACC, is involved in guiding decisions and
performance adjustment [35; 52]. Studies suggest that the frontoparietal network may
integrate information from the external environment with stored internal representations
[34], control top–down attention during conflict processing of alternative responses [11],
and control monitor conflict with subsequent adjustment in performance [10; 14; 33; 45].

In a recent study, investigators [37] manipulated the correspondence between anticipated
and actual recognition evidence by presenting valid or invalid anticipatory cues before
recognition judgments. They found a reliable correlation between participants’ response
biases and activations in the frontoparietal network, including the pMPFC, suggesting that a
mechanism of expectation and conflict regulation may be involved in cue modulatory effects
on pain.

Previous studies also found that the frontoparietal network plays an important role in
endogenous pain modulation. For example, Wager and colleagues [54] found that increased
anticipatory activity in the frontoparietal control network may predict placebo responses. In
the present study; however, we found significant fMRI signal increases in the frontoparietal
network, including right frontal and parietal cortex during both anticipation and pain
application, where the activation in the right frontal and parietal cortex was stronger than
those on the left side. This activation pattern of the frontoparietal network, observed during
pain anticipation and administration of cue modulation, highly overlapped with the
frontoparietal network identified during pre-test resting state using ICA. Taken together,
there are strong indications that the frontoparietal network plays an important role in
expectancy-induced modulation of pain.

Interestingly, we found that the stronger the pre-test resting state intrinsic functional
connectivity between the frontoparietal network and rACC and anterior MPFC, the more
robust the cue effects of pain modulation. The rACC is frequently reported as an essential
node within the descending pain modulatory system and it interacts closely with other brain
regions such as the periaqueductal gray (PAG), amygdala, and nucleus accumbens [17]. A
previous study from our group found that key regions of the pain descending control system,
i.e., the rACC-PAG-rostral ventral medulla (RVM), are functionally connected during
resting state [27]. Several studies have shown that placebo analgesia is associated with fMRI
signal increases in the rACC, compared with a control condition [5; 16; 25; 39]. For
instance, in a recent study [16], Eippert and colleagues found that the coupling between the
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rACC and PAG observed in placebo analgesia was modulated by naloxone, which supports
the role of endogenous opioids and the rACC in top-down modulation of pain.

In addition to its central role in the descending pain modulation system, the rACC is also
involved in emotional modulation. The specific region of the rACC observed in our study,
located in the affective subdivision of the ACC [9], has previously been linked to arousal
during emotional/motivational processing [13]. Kalisch and colleagues [22] found that
activation in the MPFC/rACC and lateral prefrontal cortex wa associated with modulation of
anticipatory anxiety evoked by pain. Moreover, activity in the rACC has also been
associated with positive affective states such as happiness [53]. Thus, in our study, the rACC
may serve as a top-down modulator of negative emotional responses evoked by pain. Taken
together, we believe that the frontoparietal network may influence the individual variability
observed in the cue effect through its association with the rACC, which may activate the
descending pain modulatory system and/or emotional modulation network. The elucidation
of this mechanism may provide new clues for our understanding of individual variability of
expectancy effects in response to pain.

One related question is whether the observed connectivity changes over time within the
same subject, or whether the connectivity represents a trait or state neural factor? Previous
studies have suggested that resting state functional connectivity measurements have
moderate to high reliability [48; 62]; in parallel, studies also suggest that previous
experience can significantly modify functional connectivity [31, Schultz, 2012 #2873; 58].
We speculate that the resting state functional connectivity measured immediately prior to the
task may represent a combination of trait and state neural factors, however further study is
needed at this point.

In addition to the frontoparietal network, we also found that resting state functional
connectivity between the sensory-motor network and the brainstem (ventrolateral medulla)/
cerebellum was significantly associated with cue-evoked changes in pain ratings. The
brainstem/medulla [17; 21] is another important region in the descending pain modulatory
network, which sends direct projections to dorsal horn laminae to modulate pain
transmission. Although the role of the cerebellum in pain experience is still under debate,
studies [36] have suggested that it can act as an integrator of multiple systems including
affective processes, pain modulation, and sensorimotor processing. Thus, increased
connectivity between the sensory-motor network and brainstem/cerebellum may imply
enhanced capacity to modulate pain.

Although we did not find any fMRI signal decreases when we compared the HC and the LC
conditions during pain administration across the whole cohort of subjects, regression
analyses have showed significant positive associations between the cue effect and the
corresponding fMRI signal changes in pain associated brain regions such as insula and S2.
In addition, an identical analysis on subgroups of good and poor responders showed that the
LC condition was associated with significant fMRI signal decrease as compared with HC
condition, reflected in the left insula. This result indicates that the large individual variability
in response to the present cue paradigm may explain the lack of significant fMRI signal
decrease between the HC and LC comparison across the whole cohort.

In this study, we also found a positive correlation between the HC and LC pain rating
difference and corresponding fMRI signal changes during pain rating in left hippocampus,
parahippocampus, and middle temporal gyrus. It is well known that these brain regions are
involved in semantic memory, which refers to knowledge about people, objects, actions,
relations, self, and culture acquired through experience [4]. We speculate that this finding
implies that recall of previous contextual conditioning experiences may subsequently
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influence the subjective pain intensity rating, a task that can be compared to a complicated
cognitive decision making process [28].

One possible limitation of our experimental design is the omission of a high-cue low pain
condition to balance the design. The reason we did not include this condition was to
maintain a balance between sample size and total scan time (as each additional condition
required more scan time). In this tradeoff, we chose a relatively large sample size in order to
increase power to investigate individual variability; we were particularly interested in the
association between resting state functional connectivity and the cue effects. The robust
behavioral results (including the significant statistical difference between the LC and HC
conditions), the task-related fMRI analysis as well as the resting state fMRI results validate
that the sample size was sufficient for detecting cue-related effects and therefore appropriate
for this design.

In summary, using a combined task-related and resting state experimental paradigm we
found that specific brain regions, including frontal and parietal gyri and the rACC, are
involved in cue modulation of pain during pain anticipation and pain application. Most
importantly, we were able to demonstrate, for the first time, that pre-test intrinsic resting
state connectivity between the frontoparietal network and the rACC/MPFC is associated
with predictive cue modulation of pain. The elucidation of this mechanism may enhance our
understanding of the individual variability of expectancy effects in response to pain.
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Figure 1. Experimental paradigm and corresponding BOLD responses
(A) Each experimental heat pain trial included a cue (indicating either High or Low pain), an
anticipation period (black crosshair), a painful stimulus (red crosshair), a resting period
(black crosshair), a pain rating scale (0–20), and an inter-stimulus interval (black crosshair).
(B) The brain networks associated with experience of pain (contrast: high pain (HP) > low
pain (LP)) across three functional runs; (C) Brain regions involved in the effects of
predictive cue modulation during anticipation of pain (low-cue high pain (LC) >high-cue
high pain(HC)); (D) Brain regions involved in cue modulation effects during pain
administration (LC > HC).
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Figure 2.
Three networks identified by ICA analysis (z = 4–10).
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Figure 3.
(A) Spatial overlap of the frontoparietal networks (red) as observed by ICA analysis using
fMRI resting state data, and LC > HC comparison during anticipation and pain
administration (blue and green, respectively). (B) Sagittal view of the rACC locations from
three different analyses. Red-yellow heat map represents results of the regression analysis
between degree of functional connectivity with frontoparietal network and the cue effects,
and the blue and green represent the LC > HC comparisons during anticipation and pain
administration, respectively.
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Figure 4.
Resting state functional connectivity between the frontoparietal network and the rACC&
MPFC is significantly associated with subjective pain rating changes evoked by visual cue.
The x-axis of the bar graph (right) indicates the subjective pain rating changes (HC – LC);
the y-axis of the bar indicates the z-score of functional connectivity between frontoparietal
network and rACC at resting state.
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Table 2

Results from regression analyses between the subjective pain rating change (HC – LC) and the corresponding
fMRI signal changes (LC: low cue, high pain condition, HC: High cue, high pain condition)

Stage Brain region Z value Cluster size Peak coordinate

Anticipation No significant clusters

Pain + Left operculum/insula 5.23 256 54 −6 12

Left pre-central gyrus 4.49 124 46 −10 34

Right middle frontal gyrus 4.54 431 −58 2 40

Right post-central gyrus 4.13 131 −26 −32 52

Left secondary somatosensory cortex 4.41 114 50 −34 30

Right secondary somatosensory cortex 4.61 299 −52 −32 22

Right insula 4.73 273 −44 8 −2

Right inferior temporal gyrus 5.0 113 −48 −58 −4

Left superior temporal gyrus 4.44 205 36 −28 −22

Right fusiform gyrus/cerebellum 4.94 951 −18 −54 −12

Left fusiform gyrus/cerebellum 4.38 175 18 −52 −14

No significant clusters

Rating +* Left hippocampus/parahippocampus 3.91 2110 28 −32 −10

Left middle temporal gyrus 3.91 52 −14 −24

Bilateral brain stem 4.45 0 −36 −36

No significant clusters

+
voxelwise p = 0.0001 was used to detangle large cluster,

+
*voxelwise p= 0.001 was used to detangle large cluster. All brain regions showed significant association after FWE correction at cluster level (p<

0.05).
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Table 3

Results from the regression analysis between the subjective pain rating change (HC – LC) and subject-specific
spatial network maps from ICA using FSL

Network Brain region Z value Cluster size Peak coordinate

Sensory-motor network Left cerebellum 4.40 1086 −38 −46 50

Right cerebellum 3.52 12 −54 −48

Right cerebellum/brain stem 3.75 876 6 −46 −48

Executive control network No significant clusters

Right frontoparietal network

Right MPFC 4.08 2000 12 38 36

Left MPFC 3.67 −12 70 −14

Left rostral ACC 3.5 −16 52 14
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