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Abstract

Expectations shape the way we experience the world. In this study, we used fMRI to investigate 

how positive and negative expectation can changes pain experiences in the same cohort of 

subjects. We first manipulated subjects’ treatment expectation of the effectiveness of three inert 

creams, with one cream labeled “Lidocaine” (positive expectancy), one labeled “Capsaicin” 

(negative expectancy) and one labeled “Neutral” by surreptitiously decreasing, increasing, or not 

changing respectively, the intensity of the noxious stimuli administered following cream 

application. We then used fMRI to investigate the signal changes associated with administration of 

identical pain stimuli before and after the treatment and control creams. Twenty-four healthy 

adults completed the study. Results showed expectancy significantly modulated subjective pain 

ratings. After controlling for changes in the neutral condition, the subjective pain rating changes 

evoked by positive and negative expectancy were significantly associated. fMRI results showed 

that the expectation of an increase in pain induced significant fMRI signal changes in the insula, 

orbitofrontal cortex, and periaqueductal gray, whereas the expectation of pain relief evoked 

significant fMRI signal changes in the striatum. No brain regions were identified as common to 

both “Capsaicin” and “Lidocaine” conditioning. There was also no significant association between 

the brain response to identical noxious stimuli in the pain matrix evoked by positive and negative 

expectancy. Our findings suggest that positive and negative expectancy engage different brain 

networks to modulate our pain experiences, but, overall, these distinct patterns of neural activation 

result in a correlated placebo and nocebo behavioral response.
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Introduction

Expectations shape the way we experience the world, for better or for worse (Tracey, 2010). 

Physicians and clinical investigators have found that positive expectancy of relief can 

enhance the therapeutic effect of treatment and negative expectancy can diminish it (Atlas 

and Wager, 2012; Atlas et al., 2012; Bingel et al., 2011; Carlino et al., 2014; Finniss and 

Benedetti, 2005; Finniss et al., 2010; Tracey, 2010). In the context of pain perception, 

positive expectations of treatment can elicit analgesia while negative expectation can elicit 

hyperalgesia. In a clinical setting, it has been demonstrated that either or both placebo 

(positive expectancy of pain relief) and nocebo effects (negative expectancy of increased 

pain) influence the effectiveness of medical treatment (Kam-Hansen et al., 2014; Pollo et al., 

2001).

There is an increasing body of literature suggesting that placebo effects can enhance the 

therapeutic benefits of care through the context in which the treatment is administered 

(Brody and Miller, 2011; Cleophas, 1995; de la Fuente-fernandex et al., 2002; Di Blasi et 

al., 2001; Finniss et al., 2010; Kaptchuk, 1998; Price et al., 2008; Thomas, 1994). Similarly, 

there is evidence suggesting that negative expectations can contribute to a variety of side 

effects and adverse events in clinical trials and medical care (Amanzio et al., 2009; Barsky 

et al., 2002; Colloca and Finniss, 2012; Petersen et al., 2014). Investigators have explored 

the neurobiological mechanisms underlying placebo analgesia extensively over the past 

decades. Many have employed brain imaging technologies (Amanzio et al., 2013; Atlas and 

Wager, 2012; Benedetti, 2008; Benedetti et al., 2006; Buchel et al., 2014; Enck et al., 2008; 

Finniss and Benedetti, 2005; Finniss et al., 2010; Kong et al., 2007; Miller et al., 2009; 

Tracey, 2010; Zubieta and Stohler, 2009). Relatively fewer studies have focused on nocebo 

hyperalgesia (Benedetti et al., 2003; Colloca and Benedetti, 2007; Colloca and Finniss, 

2012; Geuter and Buchel, 2013; Kong et al., 2008; Schmid et al., 2013; Scott et al., 2008).

In order to understand the mechanisms underlying the placebo and nocebo effects, it is 

important not only to understand them separately but also study the association between 

them. It is not yet clear whether any or all of the mechanisms that have been proposed to 

account for positive and negative modulation of pain perception are contributory, singly or 

in combination. Moreover, there is no clear consensus on whether bidirectional mechanisms 

contribute to placebo analgesia and nocebo hyperalgesia or whether they are completely 

separable cognitive constructs. To date, only a few studies have directly compared placebo 

and nocebo effects. Most of these studies have involved behavioral measures only 

(Benedetti et al., 2014; Benedetti et al., 2003; Colloca et al., 2010; Colloca et al., 2008). 

Based on the existing data, investigators have formed two main hypotheses regarding the 

relationship between placebo and nocebo effects (Petrovic, 2008; Scott et al., 2008). One 

postulates that placebo and nocebo are manifestations of the same type of brain network 

with different activation / deactivation changes or, using Petrovic’s term, ‘sides of the same 

coin’ (Petrovic, 2008). The other posits that placebo and nocebo are separate cognitive 

constructs grounded in different behavioral patterns and their associated brain networks 

(Benedetti et al., 2006; Kong et al., 2008).
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In the present experiment, we first manipulated subjects’ treatment expectation of the 

effectiveness of three inert creams, with one cream labeled “Lidocaine” (positive 

expectancy), one labeled “Capsaicin” (negative expectancy), and one labeled “control” by 

surreptitiously decreasing, increasing or not changing, respectively, the noxious stimulus 

intensity after application. We then investigated the subjective pain rating and fMRI signal 

changes associated with administration of identical pain stimuli before and after the different 

“treatments.” Our study is unique in that it involved the use of a completely inert treatment, 

a moisturizing cream, to elicit both placebo and nocebo effects within each individual 

subject in the same session. This experimental design allowed us to investigate the 

association between the placebo and nocebo effects and directly compare the brain networks 

between these two important clinical phenomena in the absence of active medication.

Methods

The Institutional Review Board at Massachusetts General Hospital approved all study 

procedures. All enrolled subjects provided written informed consent before beginning any 

study procedures and we debriefed them at the end of the study. All subjects were offered 

the option to remove their data from the study if they had any concerns due to the inherent 

need for deception in the experimental paradigm. No subject reported any concern and all 

subjects allowed their data to be used.

Subjects

Healthy, right-handed, English-speaking subjects participated in the study. We excluded 

individuals who reported ongoing or past major medical, neurological, or psychiatric 

illnesses; pregnancy, breast feeding, menopause, and/or irregular menstrual cycles; a history 

of substance abuse or dependence; a history of impaired urinary elimination; use of 

psychotropic drugs within the past year; claustrophobia; head trauma; or any other 

contraindications to MRI.

Experimental Design

The study involved three sessions, each separated by 2–14 days: a training session, a 

conditioning session, and a scan session. In all sessions, we delivered calibrated heat pain 

stimuli to the right volar forearm of each subject using a Pathway Medoc (Contact Heat-

Evoked Potential Stimulator, Medoc LTD Advanced Medical Systems, Rimat Yishai, 

Israel). All stimuli initiated at a baseline temperature of 32°C and subsequently increased to 

a given target temperature. Each stimulus lasted 12 seconds, including a ramp up from 

baseline (2.5 seconds) to the target temperature (7 seconds) and a ramp down to baseline 

(2.5 seconds).

Session 1—In the training session, we familiarized subjects with the heat pain stimuli and 

the Gracely Scales (0–20) (Gracely et al., 1978a; Gracely et al., 1978b) that they would use 

to rate their pain in order to determine the temperatures required to elicit heat pain for each 

subject and control for rating strategy and learning effects (Kong et al., 2008; Kong et al., 

2006).
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Specifically, we drew a 3×3 grid comprised of 2×2 cm regions on the right volar forearm of 

the subject (2 columns on the inner arm and a third column on the radial, lateral part of the 

arm). We then administered one or two ascending sequences consisting of stimuli that got 

progressively more painful over the course of the sequence followed by one or two 

sequences consisting of three mild [rated as 5–6 out of 20], three moderate [rated as 10–11 

out of 20], and three strong [rated as 14–15 out of 20]) pain stimuli interspersed in random 

order. Finally we administered one or two sequences consisting of six identical moderate 

heat pain stimuli. Each sequence was administered to a separate region within the grid on 

the forearm.

Session 2—Session 2 was a behavioral conditioning session. This session involved an 

expectancy manipulation model employed in some of our laboratory’s previous studies 

(Kong et al., 2008; Kong et al., 2006; Kong et al., 2009a; Kong et al., 2009b). We informed 

all subjects that the aim of the study was to investigate the analgesic effect of Lidocaine 

cream and the hyperalgesic effect of Capsaicin cream on their experience of pain. We told 

subjects that we would apply three creams (Lidocaine, Capsaicin, and a neutral moisturizing 

cream) to different regions of their right volar forearm and test their response to heat pain 

stimuli both before and after the application of the creams (Figure 1).

In reality, we used three samples of one inert moisturizing cream, each dyed a different 

color. One sampling was dyed light blue and labeled “Lidocaine,” one was dyed pink and 

labeled “Capsaicin,” and one was left white and labeled “neutral.”

We drew a 3×3 grid identical to that of Session 1 on the inner arm of each subject and 

proceeded to administer 9 heat pain sequences (one sequence per square on the grid), each 

about 6 minutes in duration and each including 6 identical heat pain stimuli at the 

temperature that elicited a moderate (10–11 out of 20) rating as determined in the previous 

session. Then we applied one cream to each row (set of 3 adjacent squares) on the grid and 

counterbalanced the order of cream application across subjects. To balance the design, we 

started the administration of sequences of heat pain stimuli at the most lateral column and 

moved medially across all subjects. We told subjects that we would wait 15–20 minutes for 

the creams to take effect and to identify any allergic reactions they might have to the creams. 

We also read them a script stating that those who experience decreased pain from the 

Lidocaine and enhanced pain from the Capsaicin should continue and consistently respond 

that way over the course of the study.

Following the 20-minute waiting period after cream application, we conducted the 

experimental manipulation. In this conditioning paradigm, we informed subjects that they 

would be receiving 9 heat pain stimuli sequences comprised of stimuli at temperatures 

identical to those they had received prior to cream application. In reality, we surreptitiously 

lowered the heat to temperatures that elicited mild pain ratings in the “Lidocaine” squares, 

and raised the temperatures to elicit strong pain ratings in the “Capsaicin” squares. To 

reinforce these effects, identical moderate intensity stimuli were administered to the neutral 

squares (Eippert et al., 2009; Kong et al., 2006; Scott et al., 2008; Wagner et al., 2005). Only 

subjects who could distinguish between the pre- and post-treatment stimuli on the 
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“Lidocaine” and “Capsaicin” regions, as indicated by average pain ratings, were permitted 

to continue with the study.

Before and after conditioning in Session 2, we measured expectancy with two scales by 

asking each subject to rate how much they expected Lidocaine to relieve their pain (0–10 

scale, with 0 indicating no change and 10 indicating complete relief) and how much they 

expected Capsaicin to enhance their pain (0–10 scale, with 0 indicating no change and 10 

indicating extreme pain sensitivity).

Session 3—The third session took place in the MRI scanner. We informed subjects that 

the proceedings of Session 3 would be identical to those of Session 2. In reality, Session 3 

was designed to test the placebo and nocebo effects evoked by the expectancy manipulation 

in Session 2. Thus, the process of Session 3 was identical to that of Session 2, with the 

exception that it took place in the fMRI scanner and the temperature of the post-treatment 

heat pain was moderate on the final 6 regions demarcated on the volar forearm. First, we 

applied moderate heat pain stimuli (pre-treatment pain) to all nine regions. Then, we 

administered the creams while the subject remained in the scanner. As in Session 2, we 

waited 15–20 minutes and told the subjects that this time would allow for the creams to take 

effect. During this 15–20-minute wait period, we ran structural brain scans. Then we started 

heat pain stimuli application again. In order to re-boost the expectancy of the subjects, we 

surreptitiously altered the temperature of the heat pain stimuli (lowered to evoke mild pain 

for “Lidocaine” and raised to evoke strong pain for “Capsaicin” with no change for neutral) 

to the 3 boxes in the most lateral column of the 3×3 grid. Last, we administered identical 

moderate pain stimuli to the remaining 6 boxes in the center and medial rows of the grid on 

the forearm (post-treatment pain). The pre- and post-treatment changes in subjective pain 

ratings and fMRI signal changes evoked by the post-treatment identical moderate pain 

stimuli serve as the primary outcomes of this study (Figure 1).

During scanning, subjects were instructed to focus on a small black fixation cross in the 

center of a screen in front of them. The fixation cross turned red to cue the onset and 

duration of each heat pain stimulus (12 s) and then turned black during the variable inter-

stimulus interval duration (4, 6, or 8 s). After administration of each stimulus, we displayed 

the Gracely Sensory Scale on the screen (8 s) and subjects used a button press device 

controlling a pointer to indicate their subjective ratings. We also measured expectancy with 

the scales used in Session 2 before treatment, immediately after the treatment boost, and 

after the scan was complete.

fMRI data acquisition and analysis

We performed brain imaging with a three-axis gradient head coil in a 3-Tesla Siemens TIM 

Trio MRI System equipped for echo-planar imaging. We acquired thirty axial slices (4 mm 

thick with 1 mm skip) parallel to the anterior and posterior commissure covering the whole 

brain with 2000 ms repetition time, 40 ms echo time, 90° flip angle, and 3.13 × 3.13mm in-

plane spatial resolution. We also collected a high-resolution 3D MPRAGE sequence and 

diffusion data (reported elsewhere) for anatomic localization.
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We performed preprocessing and statistical analyses using SPM8 software (Wellcome 

Department of Cognitive Neurology, London, UK). Preprocessing included motion 

correction, normalization to MNI stereotactic space, and spatial smoothing with an 8 mm 

Gaussian kernel. We calculated a GLM (general linear model) design matrix for each 

subject, including all 18 pain functional runs (1 run before and 1 run after treatment on each 

of the 9 “Lidocaine”, “Capsaicin” and neutral sites, see Figure 1), modeling each pain 

stimulus and rating scale as events. We used this to generate the following contrast maps: 1) 

all pre-treatment pain functional runs; 2) comparisons of before and after treatment on 

“Lidocaine,” “Capsaicin,” and control sites when identical pain stimuli were applied; and 3) 

contrasts comparing pre minus post differences in response to identical pain stimuli among 

each different condition (“Lidocaine,” “Capsaicin,” and control) separately.

We performed group analysis using a random-effects model and a paired t-test to determine 

group activation for each generated contrast as described above. We also performed a 

regression analysis between each subject’s fMRI signal changes and the corresponding 

subjective pain rating changes. We set a threshold of family-wise error (FWE) correction at 

p<0.05 after small volume correction (svc). We used brain regions implicated in reward 

processing, anxiety, and pain regulation as independent regions of interest (ROIs) for svc.

For the reward network, we used the bilateral ventral striatum (±14, 10, −10, radius of the 

sphere =6 mm) obtained from a study of another research group (O’Doherty et al., 2004), 

rostral anterior cingulate cortex (rACC) (±2, 44, 10, radius of the sphere = 12 mm) (Kong et 

al., 2006), as well as the caudate and putamen defined using the corresponding AAL 

(automatic anatomical labeling) mask (Tzourio-Mazoyer et al., 2007). For the anxiety 

network, we used the hippocampus and amygdala, defined using the corresponding AAL 

mask. For the pain modulation network, we used the periaqueductal gray (PAG) (±6, −26, 

−10, radius of the sphere =6 mm) (Behrens et al., 2003), orbito-frontal cortex (OFC) (±38, 

46, −4, radius of the sphere =12 mm) (Ochsner et al., 2006) dorsal-medial prefrontal cortex 

(dmPFC) (±4, 23, 27, radius of the sphere = 12 mm) (Wager et al., 2004), the dorsal ACC 

(±2, 32, 19, radius of the sphere = 12 mm) (Wager et al., 2004), and anterior insula using the 

corresponding AAL mask. For non-ROI brain regions, we used a voxel-wise threshold 

p<0.005 uncorrected with 25 contiguous voxels and p<0.05 FWE corrected at cluster level. 

All coordinates were reported in MNI coordinates, as used by SPM.

Results

Behavioral results

Thirty-eight volunteers consented to participate in the study. Twenty-four healthy adults (12 

male) aged 21 to 49 completed the study. Three subjects withdrew from the study, one due 

to discomfort with the heat pain and two due to scheduling issues. Eleven subjects were 

excluded after Session 1 or 2, seven due to the inability to reliably distinguish between high 

and low pain intensities, and four due to equipment malfunctions. Data from all 24 subjects 

who completed Session 3 were included in the analysis.

We present the subjective pain ratings from Session 3 in Table 1 and Figure 2. A 2×3 (time 

by condition) repeated measures ANOVA indicated a significant main effect for condition, 
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F (1,23) = 22.83, p < .001, eta2 = .50, qualified by a significant time by condition 

interaction, F(2,46) = 26.37, p < .001, eta2 = .53. Post hoc comparisons using Bonferroni 

corrections indicated that “Lidocaine” lowered pain (p < .001) and “Capsaicin” increased 

pain ratings (p = .002) compared to the neutral cream. Similarly, within-condition t-tests 

indicated that pain ratings decreased in the “Lidocaine” condition, t(23) = −4.83, p < .001, 

and increased in the “Capsaicin” condition, t(23) = 3.18, p = .004, but did not change 

significantly in the neutral cream condition (p = .459).

Expectancy ratings for pain relief from “Lidocaine” and pain exacerbation from “Capsaicin” 

are shown in Table 2. To check the effect of the conditioning procedure on expectancy, we 

performed a 5×2 (time by “Lidocaine”/”Capsaicin”) repeated measures analysis of variance 

(ANOVA) on these ratings. The ANOVA revealed a significant main effect for time, F 

(4,92) = 26.60, p < .001, eta2 = .54. Post hoc comparisons with Bonferroni corrections 

indicated that expectancy ratings increased following the conditioning procedure in Session 

2 (p < .001) and did not change significantly until after the post-treatment test in Session 3 

when they decreased (p < .001) to a level that was not significantly different from pre-

conditioning expectancy ratings. There was no significant difference between Session 2 and 

Session 3 in expected pain relief from “Lidocaine” or expected pain exacerbation from 

“Capsaicin,” nor did the interaction between type of cream and time of assessment approach 

significance.

We also conducted a paired sample t-test on pre- and post-treatment values in the 

“Lidocaine” and “Capsaicin” conditions to directly compare the magnitude of positive and 

negative expectancy. The results indicated that the positive expectancy effect was 

significantly greater than the negative expectancy effect, t(23) = 2.10, p = .047.

To explore the within subject association between the pre- and post-treatment pain rating 

change after application of “Capsaicin”, “Lidocaine” and neutral creams, we applied 

Pearson correlation among the three conditions. We found a significant correlation between 

the “Capsaicin” and neutral cream (r = 0.56, p = 0.006) and between “Lidocaine” and 

neutral cream (r = 0.54 p = 0.005) conditions, but no significant correlation between the 

“Capsaicin” and “Lidocaine” conditions (r = −0.08, p = 0.72). This pattern of correlation 

suggests that neutral cream ratings were functioning as a suppressor variable, decreasing the 

association between the effects of “Capsaicin” and “Lidocaine.” We tested this idea further 

by regressing “Capsaicin” induced pain rating changes on neutral and “Lidocaine” induced 

pain rating changes. With neutral cream ratings controlled, the partial correlation between 

the “Lidocaine” response and the “Capsaicin” response was −.54 (p = .008), indicating that a 

greater positive expectancy effect was associated with a greater negative expectancy effect.

In this study, we also measured several psychological variables including the Life 

orientation test (LOT), Behavioral Appetitive Scale (BAS), and Tellegen Absorption Scale 

(TAS). To explore the association of these psychological measurement and the placebo/

nocebo effects, we also performed a Pearson correlation analysis. The results showed no 

significant association between the psychological variables and the placebo/nocebo effects 

[LOT: Placebo (p=0.13), Nocebo p=0.73; BAS: Placebo (p=0.57), Nocebo (p=0.94); TAS: 
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Placebo (p=0.14), Nocebo (p=0.78)]. We speculate that this finding may be due to the small 

sample size of the study.

fMRI results

Main effect of pain perception—To delineate pain responsive brain regions we 

calculated a contrast between all pre-treatment pain stimuli (12 seconds each) and baseline 

(pain minus implicit baseline) using all nine scans. The comparison yielded significant 

activations (voxel-wise p>0.005, uncorrected with 20 contiguous voxels) in the entire 

predicted network of pain-responsive regions including the bilateral insular/opercular 

cortices, dorsal ACC (dACC)/dmPFC), caudate, putamen, and cerebellum (Figure 3). The 

opposite contrast revealed significant activation in the bilateral ventro-medial dorsolateral 

prefrontal cortex (vmPFC), precunus/posterior cingulate cortex, hippocampus, and 

cerebellar cortex (Figure 3). These main effects are consistent with previous findings on the 

patterns of pain-elicited neural activation and deactivation (Kong et al., 2010a).

Direct comparison between positive expectancy (“Lidocaine”) and negative 
expectancy (“Capsaicin”) conditions—We performed paired t-tests to directly 

compare pre-/post fMRI signal change differences in response to identical moderate 

intensity pain stimuli administered under positive (“Lidocaine”) and negative (“Capsaicin”) 

expectancy conditions (Table 3 and Figures 4 & 5). The contrast of “Lidocaine” (pre > post) 

> “Capsaicin” (pre > post) identified brain regions that showed enhanced activation during 

pain administration in positive expectancy relative to negative expectancy (Table 3, Figure 

4). This contrast revealed significant differences in the dACC, right orbitoprefrontal cortex 

(OPFC), and left anterior insula. We extracted the beta values from those brain regions and 

found significant fMRI signal decreases in the “Lidocaine” condition and signal increases in 

the “Capsaicin” condition (Figure 4). Interestingly, the dACC region showed a unique 

pattern of enhanced activation in the pre-treatment “Lidocaine” condition relative to the pre-

treatment “Capsaicin” condition that reversed post treatment. In contrast, the left anterior 

insula and right DLPFC showed comparable pre-treatment activation in the two conditions 

that diverged post-treatment in the direction consistent with the response of the pain 

responsive networks, e.g. increased after “Capsaicin” and decreased after “Lidocaine.” The 

opposite contrast [“Capsaicin” (pre > post) > “Lidocaine” (pre > post)] revealed no regions 

above the threshold.

To identify brain regions that exhibited activity in opposite directions during pain 

administration in the “Lidocaine” and “Capsaicin” conditions, we performed two additional 

contrasts (Table 3, Figure 5). First, we compared “Lidocaine” (pre > post) to “Capsaicin” 

(post > pre). The left ventral striatum was significantly activated in this comparison. The 

opposite contrast [(“Capsaicin” (post > pre) minus “Lidocaine” (pre > post)] revealed 

activity in the right anterior insula, OFC, and PAG (Figure 5).

To identify any brain regions commonly activated in both the “Lidocaine” and “Capsaicin” 

conditions during pain administration, we performed four conjunction analyses (Friston et 

al., 2005; Nichols et al., 2005); 1) “Capsaicin” (post>pre) and “Lidocaine” (post>pre), 2) 

“Capsaicin” (pre>post) and “Lidocaine” (pre>post), 3) “Capsaicin” (post>pre) and 
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“Lidocaine” (pre>post), and 4) “Capsaicin” (pre>post) and “Lidocaine” (post>pre). The null 

hypothesis for the Conjunction analysis is: “not all subjects/contrasts activated this pixel.” If 

any one of the conjunction results is significant, the null hypothesis is rejected and we can 

conclude that all subjects/contrasts activated the pixel for that pair of contrasts. The 

threshold for each individual conjunction contrast is P<0.005 uncorrected. A logical AND 

requires that all the comparisons in the conjunction are individually significant. None of 

these four conjunction analyses revealed any significant activation, indicating that no 

common brain regions were observed between these contrasts. For exploratory purposes, we 

lowered the threshold to voxel-wise p < 0.05 with 50 continuous voxels. At this more liberal 

threshold, the results did show overlapping activity in the “Lidocaine” (pre minus post) and 

“Capsaicin” conditions (post minus pre) in pain-related brain regions, including the bilateral 

dACC (x, y, z, voxel size, peak z value: 0, 32, 12, 50 voxels, z = 2.1), left insula / OPFC (35, 

32, −40, 250 voxels, z = 2.69), and left operculum / putaman (32, 2, 6, 70 voxels, z = 2.36).

Pre minus post in positive expectancy, negative expectancy, and no 
manipulation neutral conditions—To explore the fMRI signal changes under each of 

the different conditions, we analyzed post-treatment pain vs. pre-treatment pain in the 

“Capsaicin,” “Lidocaine,” and neutral conditions separately (Table 4, Figure 6). In the 

“Capsaicin” condition, a pre minus post contrast revealed activation in the frontal pole. The 

opposite contrast in the “Capsaicin” condition (post > pre) showed activation in the bilateral 

insula, and right OPFC and PAG (Figure 6). In the “Lidocaine” condition, pre minus post 

contrast showed activation in the bilateral ventral striatum. The post minus pre contrast 

revealed no brain regions activated above the threshold. In the neutral condition, post minus 

pre contrast indicated activation in the posterior insula, hippocampus, amygdala and 

precuneus. The opposite contrast revealed no significant activation.

When we further explored the data by comparing post minus pre differences in response to 

identical pain stimuli in the “Capsaicin” and neutral sites [“Capsaicin” (post > pre) > neutral 

(post > pre)], no brain regions passed the significance threshold. The opposite contrast, 

[neutral (post > pre) > “Capsaicin” (post > pre)], revealed significant brain activation 

differences in the bilateral amygdala, hippocampus and superior temporal gyrus (Table 5). 

When we subtracted the fMRI signal difference of pre-treatment from post-treatment during 

pain application in the “Lidocaine” condition from the same difference in the neutral 

condition [i.e. Lidocaine (post > pre) > neutral (post > pre)], no brain regions passed the 

significance threshold. The opposite contrast revealed significantly greater fMRI signal 

changes in the bilateral ventral striatum, right putamen, left vmPFC, precentral gyrus, and 

occipital cortex (Table 5).

Association between positive and negative expectancy-evoked brain 
response in pain related brain regions—To explore the within subject association 

between the brain response changes in the pain matrix after application of “Capsaicin,” 

“Lidocaine,” and neutral creams, similar to our behavioral analysis, we extracted the average 

beta values of all pain-sensitive brain regions (from the initial contrast as shown in Figure 3) 

(Eippert et al., 2009; Wager et al., 2013) across different conditions and performed a similar 

analysis to the one we conducted for subjective pain rating changes.
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We first applied a Pearson correlation among the three conditions. We found a non-

significant trend for the association between “Capsaicin” and neutral conditions (r = .35, p 

= .093), but no other correlations approached significance. These results are different from 

the results of the behavioral analysis. We also regressed the “Capsaicin” brain response to 

calibrated heat pain in the pain matrix on neutral and “Lidocaine” brain response changes. 

With neutral cream brain response in the pain matrix controlled, the partial correlation 

between the “Lidocaine” response and the “Capsaicin” response was 0.13 (p=.605), 

indicating that there is no significant association in brain response to identically calibrated 

heat pain in the pain matrix between the positive and negative expectancy conditions. These 

findings are also different from the results based on subjective pain rating changes.

Brain and behavior association—To explore the association between the behavioral 

and brain responses, we also performed a whole brain voxel-wise regression analysis 

between subjective pain rating differences and the corresponding brain response in positive 

and negative expectancy conditions separately. We found that dmPFC [x=2, y=32, z=36, 

PFWE<0.05, Z=3.67] activity from the pre minus post contrast was positively correlated with 

self-reported pain rating reduction in the “Lidocaine” condition, i.e. stronger reduction in 

pain post treatment was associated with weaker activity in the dmPFC post treatment. The 

activity in the rostral ACC [x=12, y=38, z=12; PFWE<0.05, Z=3.88] showed a negative 

correlation with the placebo effect (Figure 7).

We did not find a significant association between changes in brain activity and changes in 

subjective pain ratings in other conditions.

Discussion

In the present study, using a within-subject design, we found that the application of inert 

“Lidocaine” cream with expectation of pain relief evoked a significant reduction in 

subjective pain ratings and fMRI signal changes in the striatum, whereas inert “Capsaicin” 

cream with expectancy of pain enhancement evoked a significant increase in subjective pain 

ratings and fMRI signal changes in the insula, OFC, and PAG. No overlapping brain regions 

were identified in response to both the “Capsaicin” and “Lidocaine” conditions at the 

threshold we set. Regression analysis showed that after controlling for the response bias 

(changes in the neutral condition), the subjective pain rating changes evoked by positive and 

negative expectancy were significantly associated. However, we did not observe this 

association in brain responses to calibrated heat pain in the regions that were activated by 

the pain. Our findings suggest that while self-reported placebo and nocebo responses are 

highly associated, this association does not exist in the corresponding brain activity changes 

in pain-related brain regions; positive and negative expectancy seem to engage different 

brain networks to modulate the experience of pain.

Independence of positive and negative expectancy in neural responses

To date, there have been many investigations concerning the placebo effect, but only a few 

studies have focused on within-subject responses to both placebo and nocebo effects. In one 

placebo analgesia study, Scott and colleagues (Scott et al., 2008) asked subjects to undergo a 

20-minute pain challenge and found placebo-enhanced opioid neurotransmission in the 
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anterior cingulate, orbitofrontal and insular cortex, nucleus accumbens, amygdala, and 

periaqueductal gray, as well as dopamine activation (DA) in the ventral basal ganglia, 

including the nucleus accumbens. In the same study, five subjects who responded negatively 

to the pain challenge showed the opposite changes in brain activity: a deactivation of DA, 

and decreased opioid release in the brain regions mentioned above. In a more recent study, 

Benedetti and colleagues (Benedetti et al., 2014) found that nocebo and placebo modulation 

of hypobaric hypoxia headache involves the cyclooxygenase-prostaglandins pathway, which 

suggests that placebo and nocebo modulation of this type of headache may share the same 

biochemical pathways, specifically those affected by the non-steroidal anti-inflammatory 

class of analgesic drugs. In another study, investigators from the same group (Benedetti et 

al., 2006) found that a cholecystokinin (CCK) antagonist counteracted nocebo-induced 

hyperalgesia and enhanced placebo analgesia in humans. Overall, these studies suggest that 

some placebo and nocebo responses may arise from common brain networks.

Results from previous brain imaging studies imply that the brain mechanisms associated 

with placebo and nocebo may not be entirely the same. For instance, results from one of our 

previous studies (Kong et al., 2007) suggest that the placebo effect results mainly from top-

down processing involving the emotional network, including the rostral ACC, and is 

mediated by reward-related genes (COMT), personality, and intrinsic resting state brain 

activity (Yu et al., 2014). In contrast, the nocebo effect is largely associated with the 

hippocampus and other anxiety-related brain regions (Gondo et al., 2012; Kong et al., 2008; 

Ploghaus et al., 2001). However, no study has directly compared placebo and nocebo 

responses in the absence of an active treatment in the same cohort of subjects.

One of the strengths of the present study is that we used a within subject design, which 

allowed a direct comparison of how positive and negative expectancy can modulate the 

subjective experience of pain. We found that both positive and negative expectancy effects 

were correlated with changes in reported pain intensity in the neutral cream condition, 

suggesting reliable individual differences in response biases across the three conditions. 

With responses to the neutral cream held constant, within-subject positive expectancy 

responses were strongly associated with negative expectancy responses. In other words, the 

placebo effect was highly correlated with the nocebo effect. Our finding that the strong 

positive association between placebo and nocebo responses was masked by changes in the 

neutral condition is of methodological importance in designing future studies. Unless a 

natural history condition is included as a control, as was done in our study, measures of 

association between placebo and nocebo may be spuriously low.

Conversely, brain responses to identical calibrated heat pain in the pain matrix in the 

placebo and nocebo conditions controlling for the neutral cream response, did not show 

association between positive and negative expectancy. Similarly, no overlapping brain 

regions were identified in the conjunction analysis between the placebo and nocebo effects 

at the threshold we set. At a liberal threshold of voxel-wise p < 0.05 with 50 continuous 

voxels, we found overlapping activity in the “Lidocaine” (pre minus post) and “Capsaicin” 

conditions (post minus pre) in pain-related brain regions, including the bilateral dACC, left 

insula / OPFC, and left operculum / putaman. These findings are consistent with results from 

previous studies showing that activity in the insula is modulated by both positive and 
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negative treatment expectations in visceral pain (Schmid et al., 2013). The results suggest 

that despite that our observation that nocebo effects are distinct from placebo effects at the 

neural level, it is possible that expression of the two cognitive constructs may share some 

pain related brain regions as the result of context modulation.

In this study, we did not find the same association between the brain response to calibrated 

heat pain in pain related brain regions and subjective pain rating changes. We speculate this 

may be due to complicated mechanisms underlying the placebo and nocebo effects. 

Theoretically, an inert treatment could function through three interrelated processes to 

produce placebo and nocebo effects (Amanzio et al., 2013; Kong et al., 2007). In the first 

stage, prior to the experience of pain, the expectation or anticipation of pain relief/

enhancement can modulate the perception of subsequent pain stimuli. In the second stage, 

during administration of painful stimuli, an inert treatment may inhibit/enhance the 

incoming signals of noxious stimuli. Finally, in the third stage, when the pain stimulus has 

ended and when subjects are required to evaluate the pain intensity, memory of previous 

experience/context may subconsciously distort the decision-making process, a construct we 

have described as selective distortion of pain intensity evaluation (Kong et al., 2007).

Overall, placebo and nocebo effects aggregate the contribution of all three stages. The extent 

to which each stage contributes varies under different circumstances and by individual. 

Distinguishing between the aforementioned placebo and nocebo contributions under 

different conditions remains challenging. Since the brain responses in the pain-related brain 

regions to calibrated heat pain only represent the response in one stage, fMRI mainly 

assesses phasic, i.e. stimulus-evoked, responses. It is quite possible that more tonic, 

modulatory neuronal changes are correlated between nocebo and placebo conditions. This 

may be the reason that the association observed in subjective pain rating cannot be observed 

in brain responses in the pain matrix to calibrated pain.

Positive expectancy and the reward network

Results from recent studies suggest that placebo administration with expectation of pain 

relief can be regarded as a specific form of reward processing that recruits activity in reward 

regions such as the striatum (Benedetti, 2009; de la Fuente-fernandex et al., 2002; Leknes et 

al., 2011; Petrovic et al., 2005; Schweinhardt et al., 2009; Scott et al., 2007). It has been 

shown that individual variation in ventral striatal response to reward expectation accounted 

for 28% of the variance in the magnitude of placebo analgesia (Scott et al., 2007). Individual 

differences in placebo response were significantly associated with dopamine release under 

placebo and subsequent activity in reward tasks (Schweinhardt et al., 2009). One of our 

previous studies (Yu et al., 2014) showed that dopamine-related measurements including 

baseline ventral striatum coherence, functional variation in the COMT gene, and openness to 

experience together could predict conditioning cue responses in healthy individuals, which 

highlights a strong link between placebo responsiveness and brain reward processing. In the 

present study, after the expectancy manipulation in Session 2, participants believed that the 

inert “Lidocaine” cream could reduce their pain sensation. Conversely, during post-

treatment pain application, this positive expectancy was eliminated as a result of very subtle 

pain reduction. This may explain why we found ventral striatum activation to be stronger in 
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the pre-treatment “Lidocaine” condition. This result is consistent with a recent study, in 

which Wrobel and colleagues (Wrobel et al., 2014) found that the ventral striatum might not 

be causally involved in placebo analgesia, but rather linked to phenomena associated with 

placebo analgesia, such as reward processing and learning.

We also found a correlation between the placebo effect and activity in the dmPFC, which is 

a part of the pain matrix, implicated emotion regulation (Kong et al., 2007) and pain 

modulation (Fields, 2000; Kong et al., 2013; Kong et al., 2007; Kong et al., 2010b). This 

finding suggests that the dmPFC could signal pain relief as a result of the positive 

expectancy effect. Furthermore, we observed a correlation with the rACC, another region 

involved in pain regulation, indicating that increased activity in the rACC during 

conditioning may be associated with a stronger placebo effect. This result is partly 

consistent with previous studies (Eippert et al., 2009; Wager et al., 2004) suggesting that the 

descending pain modulatory system is involved in placebo analgesia. Also, unlike previous 

studies (Eippert et al., 2009; Wager et al., 2004), which used a relatively long duration of 30 

seconds (Eippert et al., 2009; Wager et al., 2004) and only post-treatment pain (in these 

studies, there is no pre-treatment pain applied, authors compared the brain responses evoked 

by identical pain at different spots with placebo and control creams), we used a much shorter 

stimulation duration of 12 seconds and compared pre- and post-treatment differences at 

different spots. We speculate that this may be the reason for this discrepancy between the 

present study and previous studies.

Negative expectancy response and the anxiety network

Although there are accumulating studies investigating the neural basis of positive 

expectancy effect, far less research is available on the negative effect. During expectation of 

high pain at the nocebo site, subjects are likely to feel anxious. Behavioral studies have 

highlighted a dominant role of cholecystokinin (CCK) in nocebo hyperalgesia via 

anticipatory anxiety mechanisms (Benedetti et al., 1997; Benedetti et al., 2006). Our current 

study shows the relevance of a wider network of regions including the insula, OFC, dmPFC, 

and PAG in the nocebo response. Investigators have previously shown that anxiety is 

associated with the functional connectivity between the amygdala and the insula (Baur et al., 

2013; Shah et al., 2009; Stein et al., 2007) as well as the coupling between the amygdala and 

the OFC (Hahn et al., 2011; Sladky et al., 2013). The activity in the PAG and the OFC has 

also been often related to the processing of anxiety associated with anticipating nociceptive 

stimuli (Brodersen et al., 2012; Fairhurst et al., 2007). Our results provide further neural 

evidence to support a close link between nocebo and anxiety.

Previous neuroimaging studies have also shown that nocebo effects are mediated by the 

hippocampus and regions involved in anticipatory anxiety processing (Bingel et al., 2011; 

Kong et al., 2008; Ploghaus et al., 2001). In this study, we did not find activation of the 

hippocampus. We speculate that this may be due to the strength of nocebo expectancy. In 

our previous study (Kong et al., 2008), during Session 2 (the manipulation session), we 

applied mild pain before administration of sham acupuncture treatment, and applied high 

intensity pain after sham acupuncture treatment. In this study, since both positive and 

negative expectancy manipulations were involved, the pre-treatment stimuli were moderate 
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intensity and the post-treatment stimuli were high intensity. Thus, the anxiety level evoked 

in this study may be weaker compared to our previous experiment.

Neutral cream condition applied in a positive and negative expectancy context

It is important to note that the post minus pre contrast in the neutral condition in our study 

activated both the anxiety network and the reward network. This might be due to the unique 

design we used in which all participants experienced nocebo, neutral, and placebo 

conditions. In this within-subject design, the perception of a neutral condition might have 

been context-dependent. Previous studies have shown that outcome processing is highly 

sensitive to the range of possible outcomes from which the final outcome is selected 

(Akitsuki et al., 2003; Nieuwenhuis et al., 2005). Thus, we speculate that the neutral 

condition in our study was processed as nocebo if individuals used placebo as a reference.

One potential limitation of this study is that creams were colored and that this color-coding 

was not randomized. The colors of the creams were very light and only served to 

differentiate them when the containers were opened. When the creams were applied to the 

skin, there was no visible difference between them in terms of color. Furthermore, in 

Session 3 (the fMRI session), subjects could not see the cream when it was applied to their 

arm due to their placement in the MRI scanner. Thus, it is unlikely that observations of the 

colors of the creams influenced the responses of the subjects. Additionally, since we did not 

have an anticipation stage in our study, we were not able to explore brain networks 

associated with anticipation.

In conclusion, we found that positive and negative expectancy can significantly modulate 

pain experience. Our behavioral results suggest that after controlling the neutral condition, 

the subjective pain rating changes evoked by positive and negative expectancy were 

significantly associated, suggesting some common psychological / cognitive processes 

underlying them. However, this association was not observed in brain responses to 

calibrated heat pain in the pain matrix. No significant overlap was revealed in the brain 

networks activated by placebo and nocebo conditions either, suggesting that positive 

expectancy and negative expectancy engage distinct neural networks rather than acting in 

opposite directions within a common network.
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Figure 1. 
Experimental procedure. In session 2, 9 moderate heat pain sequences were applied on a 3×3 

grid on the right inner arm. Then we administered one cream to each row on the grid and 

counterbalanced the order of cream application across subjects. Following the 20-minute 

waiting period, we surreptitiously lowered the heat pain intensity in the “Lidocaine” squares, 

raised the heat pain intensity in “Capsaicin” squares and used identical moderate stimuli in 

the neutral squares. In session 3, subjects were informed we would repeat the same 

procedure of session 2 in fMRI scanner. In realty, we only boosted surreptitiously changed 
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the pain intensity at one “Lidocaine” and “Capsaicin” square. For rest of spots, identical 

moderate pain stimuli were applied.
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Figure 2. 
Subjective pain rating differences (mean ± SD) in session 3.
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Figure 3. 
Brain activation (red) and deactivation (blue) evoked by all pre-treatment pain. L: left side.

Freeman et al. Page 22

Neuroimage. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Comparison between positive (Lid) (pre > post) and negative (Cap) expectancy conditions 

(pre > post). The bar indicates the peak beta of each brain regions pre- and post-treatment. 

dACC: dorsal ACC; DLPFC: dorsal lateral prefrontal cortex; L: left side.

Freeman et al. Page 23

Neuroimage. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Comparison between positive (Lid) (post > pre) and negative (Cap) expectancy conditions 

(pre > post). The bar indicates the peak beta of each brain regions pre- and post-treatment. 

OFC: orbitoprefrontal cortex; PAG: periaqueduct gray; L: left side.
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Figure 6. 
The positive (Lid) and negative expectancy (Cap) effect. The bar indicates the peak beta of 

each brain regions pre- and post-treatment. OFC: orbitoprefrontal cortex; PAG: periaqueduct 

gray; L: left side.
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Figure 7. 
Brain regions showed significant association between fMRI signal change (Pre > Post) and 

corresponding pain rating changes in positive expectancy condition. MPFC: medial 

prefrontal cortex; rACC: rostral anterior cingulate cortex.
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Table 2

Expectancy ratings before and after conditioning in Sessions 2 and 3. (Mean ± SD).

Positive Expectancy (“Lidocaine”) Negative Expectancy (“Capsaicin”)

pre Post pre post

Session 2 5.2±1.8 8.0±1.8 5.3±1.8 8.3±1.3

Session 3 7.6±1.7 8.0±1.9 7.9±1.2 7.9±1.4
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Table 3

Results of paired t-tests for the direct comparison between pre-/post fMRI signal change differences in 

response to identical moderate intensity pain stimuli given under positive (“Lidocaine”) and negative 

(“Capsaicin”) expectancy conditions.

Contrast Voxels Brain area Peak Coordinate (x, y, z) Z value

Positive expectancy (pre>post) > Negative expectancy (pre>post) 47 L anterior insula 36, 16, −6 4.15 svc

312 R dorsal ACC −4, 32, 14 3.45

189 R dorsolateral PFC −34, 48, 18 3.72

Negative expectancy (pre>post) > Positive expectancy (pre>post) no brain region above the threshold

Positive expectancy (pre>post) > Negative expectancy (post>pre) 99 L ventral striatum 12, 8, −10 3.85 svc

Negative expectancy (post>pre) > Positive expectancy (pre>post) 143 R anterior insula −26, 20, −2 3.79 svc

158 Bilateral precuneus 0, −14, 60 3.44

296 R orbitofrontal cortex −38, 46, −4 3.83 svc

9 R periaqueductal grey 2, −28, −6 3.17 svc

Neuroimage. Author manuscript; available in PMC 2016 May 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Freeman et al. Page 30

Table 4

Results of paired t-tests comparing fMRI signal change differences (post > pre and pre>post) for positive, 

negative and control (neutral) expectancy conditions separately.

Contrast Voxels Brain area Peak Coordinate (x, y, z) Z value

Negative Expectancy (pre>post) 164 L frontal pole 12, 62, 30 3.48

Negative Expectancy (post>pre) 254 R anterior insula −32, 22, 2 3.80 svc

70 L anterior insula 32, 22, 14 3.22 svc

262 Rorbitofrontal cortex −36, 44, −4 3.83 svc

8 R periaqueductal grey 4, −24, −6 2.80 svc

Positive Expectancy (pre>post) 96 L ventral striatum 12, 8, −10 4.05 svc

6 R ventral striatum −10, 8, −6 2.77 svc

Positive Expectancy (post>pre) no brain region above the threshold

Neutral (post>pre) 348 R posterior insula −42, −16, −2 3.66 svc

126 R hippocampus −30, −10, −28

63 R amygdala −24, −4, −28 3.42 svc

9 L amygdala 16, −2, −20 3.12 svc

1479 R precuneus −4, −34, 54 3.32

Neutral (pre>post) no brain region above the threshold

PFC=prefrontal cortex, L=left, R=right. For regions of interest (ROI), results were significant at PFWE<0.05 after small volume correction (svc). 
Other results were significant at voxel-wise p<0.005, uncorrected for 20 contiguous voxels.
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Table 5

Results of a paired t-test comparing fMRI signal change differences (post-treatment pain>pre-treatment pain) 

between nocebo and neutral control, as well as between placebo and neutral control.

Contrast Voxels Brain area Peak Coordinate (x, y, z) Z value

Neutral > Negative Exp 75 L hippocampus 14, −10, −22 3.30 svc

100 R hippocampus −28, −10, −24 3.36 svc

38 L amygdala 16, −2, −20 3.47 svc

100 R amygdala −26, −10, −22 3.22 svc

402 L superior temporal sulcus 32,0, −42 3.71

218 R superior temporal sulcus −54,14, −26 3.69

Negative Exp > Neutral no brain region above the threshold

Neutral > Positive Exp 151 R putamen −28,2, −6 3.86 svc

37 L caudate 8,10,6 3.35 svc

8 R ventral striatum −10,8, −6 2.83 svc

26 L ventral striatum 10,8, −12 3.16 svc

217 L ventromedial PFC 8,58, −2 3.34 svc

4848 L occipital cortex 14, −72,18 4.04

L precentral gyrus 44, −16,30 4.41

Positive Exp >Control no brain region above the threshold

Negative Exp > Positive Exp 5 R periaqueductal grey −2,−28,−6 2.97 svc

143 R anterior insula −26,20,−2 3.79 svc

61 R orbitofrontal cortex −38,46,−4 3.83 svc

Positive Exp > Negative Exp 99 L ventral striatum 12,8,−10 3.85 svc

PFC=prefrontal cortex, L=left, R=right. For regions of interest (ROI), results were significant at PFWE<0.05 after small volume correction (svc). 
Other results were significant at voxelwise p<0.005, uncorrected for 20 contiguous voxels.
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