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Abstract: Our expectations about an event can strongly shape our subjective evaluation and actual
experience of events. This ability, applied to the modulation of pain, has the potential to affect thera-
peutic analgesia substantially and constitutes a foundation for non-pharmacological pain relief. A typi-
cal example of such modulation is the placebo effect. Studies indicate that placebo may be regarded as
a reward, and brain activity in the reward system is involved in this modulation process. In the pres-
ent study, we combined resting-state functional magnetic resonance imaging (rs-fMRI) measures, geno-
type at a functional COMT polymorphism (Vall58Met), and personality measures in a model to
predict the magnitude of placebo conditioning effect indicated by subjective pain rating reduction to
calibrated noxious stimuli. We found that the regional homogeneity (ReHo), an index of local neural
coherence, in the ventral striatum, was significantly associated with conditioning effects on pain rating
changes. We also found that the number of Met alleles at the COMT polymorphism was linearly corre-
lated to the suppression of pain. In a fitted regression model, we found the ReHo in the ventral stria-
tum, COMT genotype, and Openness scores accounted for 59% of the variance in the change in pain
ratings. The model was further tested using a separate data set from the same study. Our findings
demonstrate the potential of combining resting-state connectivity, genetic information, and personality
to predict placebo effect. Hum Brain Mapp 35:4583-4593, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Belief is powerful medicine. Our expectations can signif-
icantly influence our experience of pain (Atlas et al., 2010;
Keltner et al., 2006; Koyama et al., 2005; Porro et al., 2002).
A typical example of such modulation is the placebo anal-
gesia effect. Although the mechanism of placebo analgesia
is still under investigation, the dominant theories invoke
classical conditioning and expectancies as explanatory
tools (Benedetti, 2008; Benedetti et al., 2003; Finniss et al.,
2010; Jensen et al., 2012).

Although placebo effects are ubiquitous, not everyone
responds to placebo in the same way. There is a profound
individual difference in basal psychophysical pain responses
(Coghill et al., 2003; Edwards et al., 2003; Yarnitsky et al.,
1995), which may be further influenced by dopamine-related
genes (Kim et al., 2004, Mogil et al., 1996; Schmabhl et al.,
2012) and environmental influences (Taddio et al., 1995,
2002). The capacity to modulate pain also varies substantially
across individuals (Tracey and Mantyh, 2007, Wager et al,,
2011; Wanigasekera et al., 2012; Zubieta et al., 2006). This
reflects a crucial difference in the ability to recruit self-
modulatory neurocircuitry that relieve noxious sensations.
Understanding the biological basis of such individual differ-
ences is a crucial step towards personalized medicine.

Previous studies suggest that striatal dopamine release
underlies placebo response in patients with Parkinson’s
disease (de la Fuente-Fernandez et al., 2001). However, the
role of the ventral striatum in the cognitive modulation of
pain has not yet been established. Recent studies have
examined a number of correlates of placebo response mag-
nitude using task-based fMRI (Wager et al., 2011), struc-
tural MRI (Schweinhardt et al.,, 2009; Stein et al.,, 2012),
resting-state fMRI (Hashmi et al., 2012; Kong et al., 2013a),
positron emission tomography (PET) (Scott et al., 2007,
2008), genetics (Hall et al., 2012), and personality assess-
ments (Geers et al., 2010; Morton et al., 2009; Pecina et al.,
2012; Vase et al., 2005). Each of these studies has examined
a single explanatory variable. Few studies have investi-
gated predictors of placebo or related effects by combining
different measurements. We reasoned that if reward is
associated with motivated behavior, brain regions in
reward circuitry, dopamine-related genetic variation, and
personality may all contribute to an individual’s response
to cue-conditioned effects on pain. Another recent study
showed that the analgesic effect of remifentanil is positively
correlated with the trait reward responsiveness, and is pre-
dicted by the neuronal response to painful noxious stimuli
before administration of the drug in key brain regions of
the reward circuitry, including the nucleus accumbens and
the ventral tegmental area (Wanigasekera et al., 2012). In
light of the results from these experiments, we used three
measures in our study [i.e., resting-state brain activity, func-
tional genetic variation (the COMT Vall58Met polymor-
phism), and personality assessed by the Neuroticism—
Extroversion-Openness (NEO) Personality Inventory] to
predict the magnitude of a conditioned analgesia effect

using a modified model applied in previous studies (Atlas
et al., 2010; Keltner et al., 2006; Koyama et al., 2005; Plog-
haus et al., 2001; Seymour et al., 2005). Specifically, we
explored the association between pre-test resting-state
regional activity and the amplitude of the cue effects, using
regional homogeneity (ReHo). ReHo measures the similarity
of the time series of a given voxel with its neighbors in a
single region, providing information about local temporal
synchrony in the brain (Liu et al.,, 2010; Zang, et al., 2004).
To incorporate genetic variation, we focused on a common
functional polymorphism in the COMT gene (Vall58Met,
rs4680), which has been associated with placebo response
in previous studies, with dopaminergic tone (Hall et al.,
2012; Leuchter et al., 2009; Meyer-Lindenberg et al., 2005).
In addition, we examined the “big five” personality traits to
assess their association with conditioning response. Finally,
we attempted to build a model to predict conditioning
response by combining results obtained from ReHo, COMT
genotype, and personality measurements. We randomly
selected 80% of the data to build the model, and then used
the remaining 20% of subjects to test the model.

EXPERIMENTAL PROCEDURES

We briefly describe the experimental procedures below
(see Kong et al. 2013a for full details). In one of our previ-
ous studies, we used independent component analysis
(ICA) and identified the association between the frontopa-
rietal network during pre-test resting state and condition-
ing analgesia effect (Kong et al, 2013a). ICA is a
mathematic technique that maximizes statistical independ-
ence among its components. While ICA is used to spatially
identify distinct resting state networks, ReHo provides a
distinct method to investigate the regional synchronization
of resting-state signals. In the present study, we reana-
lyzed the data, focusing on building a model combining
resting-state regional coherence using ReHo (a resting-
state functional connectivity analysis method different
from ICA analysis), COMT gene expression, and personal-
ity measurements to predict placebo conditioning effect.
This result has not been reported before.

Subjects

Forty-eight right-handed healthy volunteers (29 females),
aged 21-33 years (26.4 = 3.6, mean = SE) participated in the
study. None of them reported neurological diseases, a his-
tory of any substance dependence, or a history of clinically
significant head trauma. 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
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Analyzer with a 3 ecm X 3 cm probe (Medoc Advanced
Medical Systems, Rimat Yishai, Israel). All stimuli were
initiated from a baseline temperature of 32°C and
increased to a target temperature. Each stimulus was pre-
sented for 12 s, including 2.5 s to ramp up to the target
temperature and 2.5 s to ramp down to baseline. After
each stimulus, subjects rated their pain according to the
Gracely Sensory scale (Gracely et al., 1978), which asks
subjects to self-report the sensory intensity of pain on a
scale of 0-20 with 13 verbal descriptors. This scale has
been used in several brain imaging studies on pain and
placebo effects from our lab (Kong et al., 2006a, b, 2008,
2009a, b).

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 fMRI study also
participated in an unrelated behavioral study to investi-
gate the acute analgesic effect of different treatments (real
and sham acupuncture treatment, and placebo pill) (Kong
et al.,, 2013a). An ascending series of heat stimuli (starting
at 38°C and increasing at the rate of 1°C) were applied to
both the 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 with a verbal descriptor of weak on the 0-20
Sensory Box Scale) and HIGH pain range (~15 with verbal
descriptor of intense 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 present study was separated by at least two weeks
from the behavioral study to avoid potential influence.
Thus, at the time of this MRI study on cue effects, subjects
were familiar with the pain rating scales and heat pain
administration. Right before the fMRI scan, a brief pain
sensitivity test was performed to further confirm the sub-
jective high and low temperatures applied in this study
and adjustments were made where needed.

During fMRI scanning, an initial resting-state fMRI scan
was collected (data analyzed for this report), followed by
three different series of pseudo-randomized pain sequen-
ces applied on the right distal forearm during fMRI scan-
ning. Subjects were instructed to focus on a small black
fixation cross in the center of the screen in front of them.
They were told “During the scan, please keep your eyes
open and focus on the black screen. You can blink nor-

mally. But please keep your eyes open and do not fall
asleep.” 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 s and the time before onset of the pain
stimulus varied among 4, 6, 8, and 10 s. The duration of
the pain stimulus was always 12 s 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 s, the Sensory
Box Scale was displayed on the screen for 8 s 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 s, with an average of 12 s. In total, this learning
sequence included four LOW and four 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), creating a condition in which subjects
were expected to report less pain in response to a sug-
gested low stimulus, and sometimes followed by the LOW
pain stimulus. Both test scans included nine stimuli, three
of which stimuli were cued as HIGH pain and six of
which were cued as LOW pain stimuli. Following all
HIGH pain cues, a high pain stimulus was delivered (the
HC condition). 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
randomized. All other timing aspects of the two test scans
were identical to the first contextual learning/conditioning
scan (Fig. 1A). The subjective pain ratings and fMRI signal
changes evoked by the different cues (LC or HC with iden-
tical HIGH heat pain stimuli) in runs two and three were
the primary outcomes of this study. Finally, an overall eval-
uation of personality traits was performed using the scores
of the five dimensions of the Neuroticism—Extroversion—
Openness (NEO) Personality Inventory-Revised (Costa and
McCrae, 1997). The NEO measures the Big Five personality
traits: Neuroticism, Extraversion, Openness to Experience,
Agreeableness, and Conscientiousness.

fMRI Scanning

Measurements of brain activity were obtained using a 3
T Siemens MRI System equipped for Echo Planar Imaging
(EPI). A 12-channel head coil was used as the RF signal
receiver. Subjects were scanned with a high-resolution
MPRAGE sequence and then a 6-min resting-state fMRI.
During the resting-state fMRI scan, subjects were asked to
look at a dark screen. The scan acquisition included 47 sli-
ces acquired using interleaved scanning with slice thick-
ness of 3 mm without gaps, TR = 3000 ms, TE = 30 ms, flip
angle =90°, and a 3 X 3 mm in-plane spatial resolution.
The scan time of the resting-state fMRI was approximately
6 min.
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Figure I.
The experimental paradigm (A) and behavioral results (B). The conditioning analgesia effect is
defined by the high-cue high pain versus low-cue high pain contrast. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Following this resting fMRI, three functional runs were
collected during pain administration (see Kong et al.
(2012)). In the scanner, cushions and earplugs were used
to reduce head movement and dampen scanner noise. Vis-
ual presentation was performed using E-prime 2.0 soft-
ware (Psychology Software Tools, Inc., USA) projected
onto a screen in front of the subject.

Resting-State MRI Analysis

The first 10 volumes of each functional time series were
discarded because of instability of the initial MRI signal
and adaptation of participants to the circumstance, leaving
114 volumes in total. The remaining fMRI images were
slice time corrected, head-motion corrected, normalized to
the standard SPM8 Montreal Neurological Institute (MNI)
template, and then re-sampled to 3-mm cubic voxels. After
linear detrending, data was filtered using typical temporal
bandpass (0.01-0.08 Hz).

Regional homogeneity was calculated using REST soft-
ware (Song et al., 2011) (http:/ /restfmri.net/forum/index.
php). ReHo analysis was performed for each participant
by calculating the Kendall’s coefficient of concordance
(KCCQ) of the time series of a given voxel with those of its
nearest neighbors (26 voxels) in a voxel-wise analysis:

72 Rz fn

1/12k2(n3—n)

k .
where W ranges from 0 to 1; RFZ]-: 1 Tijs where 7;; is the

rank of the ith time point in the jth voxel; R = (n + 1)k/2 is

the mean of the R;, n is the number of time points of each
voxel time series (here n=170); and k is the number of
time series within the measured cluster (here k=27, the
central voxel plus its 26 neighbors). The intracranial voxels
were extracted to make a mask. For standardization pur-
poses, each individual subject’s ReHo map was divided by
its own mean ReHo within the mask. The resulting fMRI
data were then spatially smoothed with a Gaussian kernel
of 6 X 6 X 6 mm® full-width at half-maximum.

To explore the association and conditioning cue effect as
indicated by pain rating changes evoked by high and low
cues, a regression analysis was performed on the individ-
ual normalized ReHo maps in a voxel-by-voxel manner
using conditioning effect as a covariate. A threshold of
family-wise error (FWE) corrected threshold of P <0.05
after small volume correction (svc) was set. The independ-
ent region of interest (ROI) for svc were the bilateral ven-
tral striatum (*13, 18, —1, radius of the sphere =4 mm)
obtained from other research group (Schweinhardt et al.,
2009), see Figure 2A. These coordinates were selected
based on a previous study showing gray matter density in
ventral striatum was correlated with “dopamine-related
personality” and placebo responses (Schweinhardt et al.,
2009). For non-region of interest brain regions, we used a
voxel-wise threshold P <0.005 uncorrected and P <0.05
FWE corrected at cluster level. All coordinates were
reported in MNI coordinates, as used by SPM.

Genotyping

DNA was isolated from saliva samples by using
Oragene-DNA kits (DNA Genotek). Genotyping at the
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Figure 2.

(A) The bilateral ventral striatum ROls using independent coor-
dinates identified in a previous study. (B) Regional homogeneity
(ReHo) at left ventral striatum showed a significant negative cor-
relation with placebo effect, i.e., subjective pain rating changes
evoked by different cues (high cue minus low cue). (C) Scatter
plots depict the relationships between ReHo in the left ventral
striatum and the placebo effect. The y axis of the scatter graph

rs4680 single nucleotide polymorphism (Vall58Met) was
performed at the Psychiatric and Neurodevelopmental
Genetics Unit at the MGH Center for Human Genetic
Research using Sequenom’s iPLEX Gold® chemistry and
the MassARRAY® platform (Sequenom) with primers that
have been previously described (Loggia et al., 2011; Roff-
man et al., 2013). The major steps in this process included
the following: DNA amplification by PCR, post-PCR
removal of phosphate groups from the unincorporated
dNTPs using shrimp alkaline phosphatase (SAP) to deacti-
vate them, single-base extension reactions for allele differ-
entiation, salt removal using an ion-exchange resin,
SpectroCHIP® plating, and mass correlated genotype call-
ing via MALDI-TOF mass spectrometry. Previous studies
have shown that individuals homozygous for the Val allele
of COMT vall58met gene have low levels of tonic extracel-
lular dopamine, Met/Met individuals have a relative high
level of extracellular dopamine, whereas Val/Met individ-
uals have intermediate dopamine levels (Mannisto and
Kaakkola, 1999). Here, we focused on the COMT vall58-
met genotype.

RESULTS

Of the 48 subjects enrolled in the study, 2 subjects were
dropped due to abnormal brain structures observed dur-

indicates the subjective pain rating changes, the x axis of the
scatter graph indicates the ReHo values. (D) The correlation
between placebo effect and COMT polymorphism. (E) The rela-
tionship between predicted placebo scores (in red) and
observed placebo scores (in blue) from cross-validation analysis.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

ing MRI scanning. Behavioral data of the remaining 46
subjects showed that the subjective pain ratings for the
low-cue low pain 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 =+ 2.0 during the test sequences (sequences 2 and 3). A
one-way mixed model was applied with mean pain ratings
as a 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 showed that the contrasts low-cue low pain versus
high-cue high pain (t = —24.7, P <0.001), low-cue low pain
versus low-cue high pain (t=—16.2, P <0.001), and low-
cue high pain versus high-cue high pain (t=1.08,
P <0.001) were all highly significant (see Fig. 1B). These
results indicate that the subjective pain ratings were signif-
icantly different depending on the preceding cues even
when identical pain stimuli were applied. 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=23.0), indicating significant
interindividual variability. In order to explore whether or
not trial-to-trial rating variability during the conditioning
phase predicts placebo effect in the test phase, we used a
median split (top half versus bottom half) to categorize
subjects into a high variability group and a low variability
group. Rating variability is calculated using the standard
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deviation (SD) of the four low pain ratings and the SD of
the four high pain ratings in the conditioning phase. We
found no significant difference in placebo effect between
the high variability group and low variability group (low
pain trials, t=—0.24, P=0.81; high pain trials, t=0.43,
P=0.67).

Resting-state fMRI Results

The subjective pain rating changes (HC — LC) were used
as an index of placebo analgesia effect (Kong et al., 2013a).
Regression analysis between the subjective pain rating
changes (HC —LC) and the pre-test resting-state fMRI
regional homogeneity showed a significant negative associa-
tion in the left ventral striatum ([—15 18 —3], z=3.78, svc)
(Fig. 2B), i.e., the higher the ReHo value in the left ventral
striatum during pre-test resting state, the less the expect-
ancy/cue could modulate the pain experience as indicated
by subjective pain rating changes. The correlation between
conditioning effect and average ReHo values in the left ven-
tral striatum ROI (independent ROI) was significant,
r=-050, P<0.001 (Fig. 2C). No significant association
(positive or negative) was found in other brain regions.

COMT Genotype

The genotype information for two subjects was missing.
The minor (Met) allele frequency of COMT vall58met was
0.45 (val/val n =13, val/met n =24, and met/met n=7)
and the SNP was in Hardy-Weinberg Equilibrium
(P=0.20). The COMT rs4680/vall58met genotypes were
coded for each participant as follows: G — A, val — met,
1 =met/met, 0 =val/met; —1 =val/val. The conditioning
effect was significantly associated with COMT Met alleles
(r=-0.31, P =0.04, Fig. 2D).

Personality and Conditioning Effect

The correlation between conditioning effect and each of
the NEO dimensions (Neuroticism, Extraversion, Open-
ness to Experience, Agreeableness, and Conscientiousness)
was not significant, P values range from 0.2 to 0.5.

Regression Model

Finally, we attempted to build a regression model to
identify the most significant predictors of conditioning
effect. To do that, we used a stratified cross-validation pro-
cedure in which the model was built on randomly selected
4/5 of the subjects and tested on the remaining 1/5 of the
subjects. Model building was conducted by a backward
selection regression in which the reduction in pain rating
differences (HC —LC) was the dependent variable and
independent variables (predictors) included ReHo, COMT
genotype, and the five personality dimensions. Results
showed that the most significant predictors were the ReHo

TABLE I. Regression model results

Variable Beta T P value
ReHo —4.427 —=5.109 <0.001
COMT 0.981 2.847 0.008
Openness —0.58 —2.328 0.027

in the left ventral striatum, rs4680/vall58met, and Open-
ness, accounting for 51% of the variance in conditioning
placebo analgesia (P <0.001, see Table I). Using forward
selection regression and stepwise selection regression also
yielded similar results.

Following the model building, we used the remaining
1/5 data to validate the model. The predicted pain rating
difference and observed pain rating difference are shown
in Figure 2E. The correlation between predicted values
and observed values was significant (r=0.77, P =0.015).
The prediction model explained approximately 59% of the
variance in the conditioning response for subjects (N =9)
in the test sample.

DISCUSSION

In this study, we explore the predictors of individual
differences in conditioned cue effects using pre-test rest-
ing-state functional connectivity, COMT genotype, and
personality. The results showed that baseline resting-state
ReHo activity in the left ventral striatum was significantly
negatively correlated with conditioning effects. The condi-
tioning effect was also significantly correlated with the
number of Met alleles at rs4680 in COMT. Regression
model building indicated that intrinsic ventral striatum
activity, COMT genotype, and Openness were the three
most important predictors of conditioning effect, account-
ing for 59% of the variance of conditioning responses in
the independent test cohort of subjects.

Expectation has been shown to be critically involved in
placebo and placebo-related responses. Previous studies
have identified brain correlates of placebo analgesia at the
group level (Elsenbruch et al., 2012; Kong et al., 2006a; Lu
et al, 2010). Only recently have researchers begun to
investigate the neural correlates of individual differences
in placebo analgesia. The idea that symptom reduction
(reduced suffering/pain) can be regarded as a special case
of reward has been suggested as a potential mechanism to
explain how positive expectancy can produce pain relief
(Benedetti, 2009; de la Fuente-Fernandez et al., 2001; Flaten
et al., 2011; Leknes et al., 2011; Petrovic et al., 2005; Rhudy
et al., 2008; Scott et al., 2007; Seymour et al., 2005). Accu-
mulating evidence suggests that the reward network may
be crucial for the modulatory effect of expectancy cues
(Atlas et al.,, 2010). Results from previous studies show
that expectancy of pain relief can be regarded as a specific
form of reward processing that recruits activity in reward
regions such as the ventral striatum (Benedetti, 2009; de la
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Fuente-Fernandex et al., 2002; Kim et al.,, 2006; Leknes
et al., 2011; Petrovic et al., 2005; Schweinhardt et al., 2009;
Scott et al., 2007). Dopamine activation in the striatum has
been detected with positron emission tomography (PET)
during receipt of a placebo in patients diagnosed with Par-
kinson’s disease in a manner proportional to the antici-
pated improvement in motor control (Lidstone et al,
2010). Another PET study found that high placebo
responses were associated with greater dopaminergic and
opioid activity in the ventral striatum (Scott et al., 2008).
Ventral striatal dopamine release accounted for 25% of the
variance in placebo effects (Scott et al., 2008). Individual
variations in ventral striatal response to reward expecta-
tion accounted for 28% of the variance in the magnitude of
placebo analgesia (Scott et al., 2007), suggesting that the
reward network may represent a basic component of anal-
gesic expectancy. Our resting-state findings further sup-
port the notion that conditioning/placebo effects are
related to brain activity in reward processing circuitry.

Our study illustrates the feasibility of using resting-state
brain activity (e.g., ReHo) to investigate placebo effect to
identify conditioning placebo responders. Analysis of
ReHo has been successfully used to detect local abnormal-
ities in subjects with different psychiatric disorders, (Coc-
chi et al., 2012; Lai and Wu, 2012; Liu et al., 2008; Paakki
et al.,, 2010; Wu et al,, 2009, 2011; Yao et al., 2009; Yuan
et al., 2008) and to predict inhibition responses (Tian et al.,
2012). Elucidating this linkage may enhance our under-
standing of the role of resting-state BOLD spontaneous
fluctuations as well as shed new light on individual differ-
ences in behavior and the prediction of behavioral
responses. In recent years, spontaneous low-frequency
fluctuations in brain activity during rest, measured by
fMRI, have been shown to reflect meaningful characteris-
tics of underlying neurobiology (Biswal et al., 1995; Fox
and Raichle, 2007; Raichle and Mintun, 2006). Since rs-
fMRI is non-invasive and does not require the subject to
perform cognitive tasks during image acquisition, its use
is substantially simpler than task-based neuroimaging
approaches. For example, it can be implemented in popu-
lations that may have difficulties performing task-based
imaging studies, such as very young or elderly patients or
patients suffering intense pain. Due to such simplicity and
the reliability of rs-fMRI data, this modality offers
increased feasibility and potential for clinical application
in the future.

Positive correlation between experience of placebo anal-
gesia and gray matter density in the bilateral ventral stria-
tum has been found in a previous structural study
(Schweinhardt et al., 2009). It seems surprising that we
observed negative rather than positive correlations
between the ventral striatum ReHo and conditioning
effect. ReHo represents the temporal coherence of the
spontaneous neural activity in the regional brain. Lower
ReHo might be a sign of weak spontaneous local function-
ality at rest. Thus, the negative correlation between ReHo

in ventral striatum and conditioning cue responses may
reflect the ventral striatum’s vulnerability to modulation
by other regions (e.g., the prefrontal cortex). Moreover,
this result may be consistent with previous results that
suggest an association between the placebo effect and the
gray matter density in the ventral striatum (Schweinhardt
et al., 2009) and endogenous opioid release in ventral stria-
tum during pain (Scott, et al., 2007, 2008). It worth noting
that there have been no studies on investigating the associ-
ation among gray matter density, endogenous opioid
release, and resting-state coherence. Thus, the association
among ReHo, task evoked brain activity, or gray matter
size/density remains unclear and further exploration is
needed. Nevertheless, all these findings suggest that the
ventral striatum plays a key role in modulating pain expe-
rience after expectation manipulation.

The ventral striatum is rich in neuromodulatory dopa-
mine neurons projected from the midbrain. An animal
study found that the ascending nociceptive control evoked
by intense chemical or thermal noxious stimuli depends
on both opioid and dopamine links in the nucleus accum-
bens (Gear et al., 1999). Dopamine is primarily catabolized
by COMT, which is present in dopaminergic projection
areas (e.g., ventral striatum and the prefrontal cortex),
where it performs O-methylation in the extracellular space.
It is generally believed that the major controller of ventral
striatal dopamine is re-uptake into terminals through the
dopamine transporter. The anticipation of therapeutic ben-
efit itself is rewarding and may be linked to dopamine
(DA) release in the reward system. Differences in COMT
activity are related allelic variations at the Val158Met poly-
morphism in the COMT gene. Individuals homozygous for
the Val allele have the highest levels of enzyme activity
and, thus, a relative decrease in tonic extracellular dopa-
mine; Met/Met individuals have the lowest enzyme activ-
ity and a relative increase in extracellular dopamine
whereas Val/Met individuals have intermediate levels of
both (Mannisto and Kaakkola, 1999). The COMT val158-
met polymorphism has been associated with placebo
response in irritable bowel syndrome (Hall et al., 2012)
and major depressive disorder (Leuchter et al., 2009). Our
findings suggest that this COMT polymorphism is also
related to placebo analgesia in healthy subjects.

Placebo effects have also been correlated with several
personality traits, though findings have not been consistent
(Beedie et al., 2008; Geers et al., 2010; Kelley et al., 2009;
Morton et al., 2009; Pecina et al., 2012; Schweinhardt et al.,
2009; Vase et al., 2005). We found that Openness was an
important predictor in our final model, along with Reho
and COMT. One neuropsychological model on Openness
implicates that this personality trait is associated with
dopaminergic system (DeYoung et al., 2005). Openness is
found to be related to reward dependence (Fruyt et al.,
2000). A previous study found positive correlations
between Openness scores and integrity of white matter
adjacent to the dorsolateral PFC (Xu and Potenza, 2012).
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These fiber tracts interconnect most cortical and subcortical
regions including basal ganglia (Robbins, 2007). Openness
correlated positively with orbitofrontal activity in both the
sexes, which suggests that reward and emotional process-
ing underlie individual differences in Openness (Sutin
et al., 2009). Although speculative, Openness may modu-
late the conditioning placebo effect via PFC-striatum
interactions.

In our previous study, using the same data set but differ-
ent data analysis method, we found significant fMRI signal
increases in the frontoparietal network, including the bilat-
eral frontal and parietal cortex and the pMPFC/ACC dur-
ing both anticipation and pain application (Kong et al.,
2013a). 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
(Kong et al., 2013a). There is a large body of literature sug-
gesting that the frontoparietal network plays an important
role in endogenous pain modulation (Wager et al., 2011).
The striatum has an intense connection with the frontal
regions, forming the frontal-striatal network (Lidstone and
Stoessl, 2007). We speculate that the reward system serves
as the motivational input that triggers the frontoparietal net-
work and initiates the descending pain modulatory system
to modulate the pain network. Further research is needed to
explore this speculation.

It is well known that many non-pharmacological fac-
tors/methods can modify our pain experience (Tracey and
Mantyh, 2007) in addition to placebo conditioning. These
factors include attention (Legrain et al., 2002; Villemure
and Bushnell, 2002), emotion (Ochsner et al., 2006; Porro
et al., 2002), meditation (Zeidan et al., 2011), and acupunc-
ture (Kong et al., 2005). It is not known if all of these dif-
ferent pain modulation methods share a common central
pathway for pain modulation, or if each is associated with
a specific network. Further study investigating the similar-
ity and difference in brain networks between pain modula-
tion methods will shed new light on our understanding of
the pain regulation process.

Several limitations of the current study should be noted.
First, our experimental design did not include a high-cue
low pain condition to balance the design. This condition
was omitted to maintain a balance between sample size
and total scan time (each additional condition required
more scan time).

Second, the sample size was relatively small; although
the robust behavioral conditioning effect and resting-state
fMRI results validate that the sample size was sufficient
for detecting cue-related effects.

Third, volunteers participated in a behavioral experi-
ment 2 weeks before the present experiment. This may
have potentially influenced their performance and neural
responses during the rest. Additionally, participants may
have anticipated future pain during the resting-state MRI
scanning and this may have made the ‘resting state” differ-

ent from the ‘neutral resting state,” in which participants
had not undergone any pain stimuli and did not anticipate
future pain. However, the resting-state scanning was col-
lected at the very beginning of the experiment before appli-
cation of pain stimuli. The thermal probe was not attached
so participants knew they would not receive any pain stim-
ulation during the scan. Most importantly, the resting state
was collected at least two weeks after the previous behav-
ioral study and we used a within study design to control
for any potential influence from previous experience.

Fourth, previous studies have found that the frequency
of high activity COMT alleles may be modulated by ethnic
differences (McLeod et al., 1994; Palmatier et al., 1999). In
this study, there were 31 Caucasian, 6 Asian, 5 African
American, 3 with more than one race, and 1 unknown
race. However, when we added race into our model as a
covariate, there was no significant change in the results.
Future studies with larger sample size are needed to
investigate the role of race to modulate the interaction
between placebo analgesia and this gene or others. Finally,
it is currently unknown whether different types of placebo
effect share the same neural mechanisms. Future studies
could test our findings on placebo effects in other domains
and patient populations.

In summary, combining resting-state fMRI, genotype,
and personality, we found that dopamine-related measure-
ments including baseline ventral striatum coherence, func-
tional variation at COMT, and openness to experience
together could predict conditioning cue responses in
healthy individuals. The elucidation of this mechanism
may enhance our understanding of the individual variabil-
ity of conditioning effects in response to pain. The sub-
stantial individual difference in placebo effect makes it
challenging to control placebo responses in clinical trials
or utilize it in clinical care. By identifying specific predic-
tors of placebo response, our findings may inform the
development of personalized approaches to analgesia.
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