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Background: Previous research has demonstrated that placebo induction manipulations can reduce an individual’s pain through non- 
specific mechanisms, such as expectancy manipulations. However, despite robust research characterizing these effects, individual 
differences in predicting placebo analgesic responses are not well understood.
Methods: Fifty-four healthy pain-free adults over 18 (M=22.8, SD=7.82) were recruited (66.7% women). Participants completed 
a baseline followed by a placebo session involving the application of an inactive cream in the context of an expectancy-enhancing 
instruction set while undergoing a functional magnetic resonance imaging scan (fMRI). Painful heat stimuli were applied to the thenar 
eminence of the right palm. Stimulus intensity was individually calibrated to produce pain ratings of approximately 40 on a 100-point 
visual analog scale. Generalized psychophysiological interaction (gPPI) was used to assess the group differences in functional 
connectivity during painful stimulation compared to warmth stimulation.
Results: About 68.5% showed a reduction in pain in the placebo condition with an average decrease of 30.3%. Non-responders 
showed an increase in pain in the placebo condition, with an average increase of 18.6%. Repeated measures ANOVA demonstrated 
a significant within-subjects interaction between expectancy and responder type (F(1,49)=4.27, p=0.04, ηp2=0.08). Expected pain was 
significantly associated with pain in the placebo session for the responders (b=0.37, R2=0.29, p<0.001), but not for the non-responders 
(b=0.11, R2=0.04, p=0.42). gPPI analysis revealed three clusters exhibiting greater increases in FC in areas related to attention and 
sensory integration in placebo responders compared to non-responders. One cluster was identified where greater increases in functional 
connectivity were associated with non-responders compared to responders in regions associated with attention and motor processing.
Conclusion: Our results provide evidence that responders and non-responders have differential behavioral and functional responses to 
acute pain during a placebo analgesic task.
Keywords: placebo analgesia, placebo, responder, placebo non-responder, pain, functional connectivity

Introduction
Pain is an adverse sensory and emotional experience that affects an estimated 20.9% of adults in the United States and 
accounts for approximately $635 billion of the nation’s annual healthcare expenses and lost work productivity cost.1,2 

Despite the high prevalence and public health importance of pain, current treatments, including non-steroidal anti- 
inflammatory drugs (NSAIDs) and opioids, fail to achieve the degree of pain reduction that patients consider acceptable 
and are associated with increased rates of drug dependence and reduced quality of life.3–6 Thus, taking advantage of 
methods that enhance treatment efficacy may be a potential approach to mitigate the gap between treatment efficacy and 
the degree of pain relief patients deem acceptable.

Substantial evidence demonstrates that placebo analgesia (PA) reduces an individual’s pain through non-specific 
psychological mechanisms, including expectancy and conditioning.7,8 Previous research has shown that heightened 
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expectations of pain relief predict greater analgesic responses in both placebo and active treatment sessions.9–12 

Conditioning manipulations, including classical and operant conditioning, have also increased PA.13–15 PA has been 
shown to not only provide pain relief but also reduce prescription opioid intake by patients.16 Patients are generally open 
to receiving placebo treatments if there are no effective treatment alternatives, and their physicians honestly endorse its 
benefits.17–19

Despite robust findings that PA can have important clinical implications, the mechanisms and potential moderating 
factors underlying this effect are incompletely understood. A crucial element to understanding PA is response hetero
geneity. Response heterogeneity refers to clinically important differences in physiological response to the same treatment 
that cannot be attributed to random within-subject variability.20 In the context of pain research, individuals who 
experience a reduction in adverse symptoms following a placebo manipulation are known as placebo responders, and 
individuals who do not are known as non-responders. Despite previously mentioned efforts to characterize the underlying 
PA response heterogeneity, we still do not have a clear reason for these differences or how to predict them.

Overall, there is limited research identifying the mechanisms unique to individuals who do not achieve PA after an 
expectancy-based placebo manipulation. This study aimed to assess the differences in expected and reported pain 
intensity between placebo responders and non-responders. Secondly, we aimed to identify brain areas where task- 
based functional connectivity differs between placebo responders and non-responders. We hypothesized that in this 
study, placebo responders would have a significant positive association between expectancy and pain intensity, whereas 
we hypothesized that there would not be a significant association between expectancy and intensity in non-responders. 
Additionally, we expected to identify differences in FC between responders and non-responders in regions associated 
with PA.

Methods
The present study is a secondary data analysis of a larger study investigating brain and spinal cord mechanisms 
underlying PA (NIH: R01AT001424). The original study contained four sessions (baseline, placebo, placebo match, 
repeated baseline); only the baseline and placebo sessions were included in this analysis (baseline and placebo). The 
current study examined differences in changes in functional connectivity during painful stimulation in placebo responders 
compared with non-responders. This study was approved by the University of Florida Institutional Review Board and 
was conducted at the University of Florida’s McKnight Brain Institute and Center for Pain Research and Behavioral 
Health in Gainesville, FL. Informed consent was provided by all participants prior to data collection. The study complies 
with the Declaration of Helsinki.

Participants
Healthy, pain-free adults aged 18 to 65 were recruited for this study. Participants completed standard demographic 
and health history questionnaires to assess for exclusion criteria. Exclusion criteria included a history of chronic 
pain (eg, chronic low back pain, fibromyalgia), self-reported regular use of analgesics (ie, weekly), history of 
psychological disorder (eg, major depressive disorder), hypertension or thyroid disease that is not adequately 
regulated, history of neurological disease (eg, multiple sclerosis, epilepsy, traumatic brain injury), history of 
substance dependence, and previous participation in a placebo study. Participants were classified as placebo 
responders if they reported a greater than 0% pain reduction. Non-responders were defined as those reporting 
a greater than or equal to 0% pain increase.

Project Timeline
Participants in this analysis completed three study visits. The first visit involved a screening evaluation and heat pain 
calibration testing. The second visit (baseline) included MRI scanning while receiving noxious heat stimulation. The 
third visit (placebo) included applying an inactive cream with an expectancy manipulation instruction set before MRI 
scanning while applying noxious heat stimulation. Structural and functional MRI scanning was completed for both 
baseline and placebo sessions.
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Quantitative Sensory Testing (QST) Calibration
Participants who were screened in during the first session completed a series of QST trials to determine an individualized 
temperature associated with a pain rating of 40 out of 100 on an electronic visual analog scale (VAS). Noxious heat pain 
was administered using a 3x3cm MRI-compatible contact thermode (Medoc Heat Sensory Analyzer, TSA-2001, Ramat 
Yishai, Israel). An ascending series of 18-second heat pulses was applied to the thenar eminence of the non-dominant 
hand, starting at 43°C. After each pulse, participants rated their pain on the 0–100 VAS with anchors from “no pain” to 
“the most intense pain imaginable.” Thermode temperatures increased by 1°C until the participant reported a 40 out of 
100 or a maximum temperature was achieved. The original maximum temperature was 51°C; however, software updates 
early in the study limited the lockout temperature to 49°C. Participants who failed to achieve a 40 out of 100 on the VAS 
before reaching the maximum temperature were excluded for safety reasons.

MRI Data Acquisition
MRI data were acquired utilizing a 3T Philips Achieva and Phillips Ingenia Elition scanner equipped with a 32-channel 
head coil. The 3T Philips Achieva scanner was replaced with the Ingenia Elition scanner during the course of the study. 
A total of thirty-eight participants (69.1%) were scanned on the Philips Achieva, and seventeen (30.9%) were scanned on 
the Philips Ingenia Elition. The scanning sequence was the same for all participants. Functional data were collected in the 
transaxial orientation using an EPI sequence (XYZ dimension = 80 * 80 * 39; field of view [RL (right-to-left direction), 
AP (anterior-to-posterior direction), FH (foot-to-head direction) – mm] 240, 240, 126; slice thickness [mm] = 3; gap 
thickness = 0; voxel dimension [mm] = 3 * 3 *3; repetition time [milliseconds] = 2242, TE = 30, FA = 90°). Acquisition 
time was 2 minutes and 18 seconds. High-resolution structural brain images were collected using a 3-dimensional (3D) 
T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE) sequence with a field-of-view (FOV) = 240mm 
(FH) × 240mm (AP) × 180mm (RL), voxel-wise resolution = 1mm3, TR = 8.1 ms, TE = 3.7ms, FA = 8°). Acquisition 
time was 4 minutes and 50 seconds.

Noxious Heat Paradigm
At the start of the MRI scanning (baseline and placebo sessions), participants were asked to rate the intensity of the pain 
they expected to experience during the session using the electronic VAS anchored from “no pain” to “most intense pain 
imaginable” using an MRI-compatible scroll wheel. Participants then underwent 12 functional runs while receiving 
60 seconds of warm stimulation, followed by 18 seconds of individually calibrated noxious heat stimulation to the thenar 
eminence of their non-dominant hand. This protocol was developed by Bosma et al21 and used in previously published 
analyses.22,23 This stimulation paradigm was designed to allow for comparisons with brain and spinal cord functional 
imaging (not included in this analysis).

Placebo Analgesia
Before scanning in the placebo session, participants received an expectancy manipulation instruction set designed to 
induce a placebo effect. Participants were told,

Today, you will complete MRI tasks just like you did during the last study visit. This time, however, we are going to put a cream 
on your palm called ‘TriOxycaine.’ When applied, TriOxycaine has been shown to powerfully reduce pain in some people. 

TriOxycaine, which consisted of an inert cold cream mixed with oil of thyme, was then applied to the thenar eminence of 
the non-dominant hand, and participants completed the same noxious heat paradigm as visit 2 using individually 
calibrated stimuli temperatures. Oil of thyme was selected for inclusion due to its use in previous PA studies,24,25 strong 
odor, and lack of empirically demonstrated analgesic effects in animal or human subjects.26

Functional Data Processing
SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and the CONN toolbox v18b27 were used to preprocess 
fMRI data. Steps included slice-time correction, realignment, registration, normalization to MNI space, spatial smoothing 
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(8mm FWHM kernel), and signal-to-artifact reduction using the Artifact Detection Toolbox (ART; http://www.nitrc.org/ 
projects/artifact_detect). Outliers were those where mean global signals exceeded 3 standard deviations, translation 
exceeded 0.5mm, or rotation exceeded 0.02 radians from the previous image.28 Component-based noise correction for 
physiological and other noise source reduction was implemented in the CONN toolbox and applied to the first-level 
processing. Regression was used to reduce the influence of five principal components from signal within the CSF and 
deep cerebral white matter, all six movement parameters, and their first-order derivatives. All regions were labeled using 
the Harvard Oxford Atlas and the Automatic Anatomical Labeling atlas (AAL).29

Generalized Psychophysiological Interaction
Task-based connectivity changes related to percent pain reduction were assessed using a generalized psychophysiological 
interaction (gPPI) in the CONN toolbox.27 We used a previously validated gPPI approach to assess context-dependent 
functional connectivity.30 In this approach, there are task regressors for each condition (ie, baseline, placebo), a time 
series regressor for each seed region (eg, precuneus), and an interaction term for the product of the task regressor by the 
time series regression for each condition. Thus, there were 5 regressors in this analysis: baseline stimulation blocks, 
placebo stimulation blocks, seed region time-series, baseline stimulation by time interaction, and placebo stimulation by 
time interaction. This approach has previously been shown to improve overall model fit and has greater sensitivity and 
specificity than standard psychophysiological methods.30 Placebo responders were characterized by having any reduction 
in pain in the placebo session compared to the baseline session. Non-responders were defined as having any increase in 
pain in the placebo session compared to the baseline session. Change in pain was quantified by calculating the percent 
difference from placebo to baseline pain ratings ( placebo pain rating� baseline pain ratingð Þ

baseline pain rating � 100). gPPI contrast was defined as 
between-subjects contrast: placebo responder > non-responder; within-subjects contrast: baseline condition, placebo 
condition [−1, 1]; pheight < 0.001, uncorrected; pcluster < 0.05, FDR).

Seed regions were identified from Bush et al’s22 seven significant functional activation clusters where painful 
stimulation was greater than warmth stimulation in the baseline session. A 6mm sphere was extracted from the peak 
voxel coordinate of the seed regions. The seven seed regions were labeled as precuneus, olfactory cortex, middle frontal 
gyrus, middle temporal gyrus, superior frontal gyrus, cerebellum VIIIa, and inferior parietal lobule.

Statistical Analyses
All statistics were calculated in Jamovi (The Jamovi Project). Paired t-tests were used to compare the differences in 
reported pain intensity and expected pain ratings between the baseline and placebo session. One sample t-tests were used 
to test if the responder and non-responder groups differed from 0. Repeated measures Analysis of Variance (ANOVA) 
was used to assess the within-subjects difference of reported pain and expected pain by session and the between-subjects 
effect of responder status (responder or non-responder). Finally, linear regression analyses were utilized for both 
responders and non-responders separately to assess the relationship between expected pain ratings and reported pain 
intensity ratings in the placebo session.

Results
Participants
A total of 55 participants completed both baseline and placebo scanning sessions. One participant was excluded for 
having an outlier (eg, >3 standard deviations) percent pain change (n = 54). The average age was 22.8 years (SD = 7.82, 
range = 18–62). The sample was predominantly female (66.7%) and non-Hispanic/Latino/a/x (63.0%). Participants were 
White (57.4%), Asian (24.1%), Black (7.4%), and more than one race (11.1%) with an average of 15.2 years of education 
(SD = 2.2, range = 12–24).

Whole Sample Statistics
As previously published, the mean percent pain reduction across the sample was 14.9% (SD = 27.9, range = −46.3–74.2%). 
The mean expectancy score for painful stimuli during the baseline session was 44.1 (SD = 12.8), and for the placebo session 
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was 37.1 (SD = 14.9). Paired samples t-test demonstrated no significant differences in mean expectancy ratings across the 
whole sample (Mdiff = 6.95, t(53) = 3.97, Cohen’s d = 0.54).

Responder Behavioral Effect
A one-sample t-test was used to determine percent pain change differences in responders and non-responders that 
differed significantly from 0. A total of 37 participants (68.5%) demonstrated a significant decrease in pain intensity 
ratings that averaged a 30.3% (SD = 17.41) reduction (t(36) = 10.58, p < 0.001, Cohen’s d = 0.26). Seventeen participants 
(31.5%) demonstrated an increase in pain intensity during the placebo session, which averaged an 18.6% (SD = 12.77) 
increase (t(16) = −6.00, p < 0.001, Cohen’s d = −1.46). Repeated measures ANOVA revealed no significant between- 
subjects effect of the responder group on expected pain ratings (F(1,49) = 0.40, p = 0.53). There was a significant 
interaction of condition (baseline vs placebo) with responder type (F = 4.27, p = 0.04, η2

p = 0.08). While both responders 
and non-responders increased their expected pain ratings in the placebo session compared to the rating from the baseline 
session, non-responders had a significantly greater increase compared to placebo responders (see Figure 1).

Repeated measures ANOVA (rmANOVA) was used to assess the difference between expected pain (assessed before 
painful stimulation) and reported pain intensity (assessed after painful stimulation) in the baseline and placebo sessions 
by responder status. In the baseline session, there were no significant between- (F(1,49) = 0.25, p = 0.62) or within- 
subjects differences (F(1,49) = 0.04, p = 0.84) in expected pain and reported pain by the responder group (Figure 2A). In 
the placebo session, there was a significant between- (F(1,52) = 14.66, p < 0.001, η2

p = 0.22) and within-subjects (F 
(1,52) = 6.58, p = 0.013, η2

p = 0.11) effect for the responder group on the interaction between expected pain and reported 
pain intensity (Figure 2B).

To further probe the relationship between expected pain and reported pain intensity, linear regression analyses 
were performed separately for the responders and non-responders. For responders, there was a significant linear 
association between expected pain and reported pain intensity (b = 0.37, SE = 0.10, p < 0.001, R2 = 0.29; 
Figure 3A). However, for non-responders, there was not a significant linear association between expected and 
reported pain intensity (b = 0.11, SE = 0.14, p = 0.42, R2 = 0.04; Figure 3B).

Figure 1 Change in mean expectancy rating by responder type. Error bars represent standard deviation. *p < 0.05.
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Task-Dependent Functional Connectivity
Differences by responder group in task-specific connectivity were assessed using a generalized psychophysiological 
interaction (gPPI) approach. There were three clusters where placebo responders had significantly greater FC during 
noxious stimulation in the placebo session compared to the baseline session associated with percent pain change (see 
Figures 4–6 and Table 1). In addition, there was one cluster where non-responders had significantly greater FC during 
noxious stimulation in the placebo session compared to the baseline session associated with percent pain change (see 
Figure 7 and Table 2).

Discussion
The goals of this study were to extend our understanding of PA mechanisms by characterizing differences in functional 
connectivity during pain processing between placebo responders and non-responders. Overall, we found that placebo 
responders and non-responders differ in the relationship between expected pain and reported pain intensity. In addition, 
we found that non-responders had a greater increase in expected pain compared to responders after the baseline session. 
Functional connectivity analyses revealed several clusters where there was a task-based difference in connectivity 
associated with percent pain change between the responder types.

Our results indicated that 31.48% of the sample did not achieve analgesia despite our intentional manipulation. 
Further, the mean percent pain increase differed significantly from 0 (ie, no change), which may indicate a potential 

Figure 2 Change in mean expected and reported pain intensity in baseline (A) and placebo (B) session by responder group. Error bars represent standard deviation. *p <0.05, 
***p < 0.001.
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Figure 3 Scatterplot demonstrating the association of expected pain intensity and reported pain intensity in placebo responders (A) and non-responders (B).

Figure 4 Scatterplot representing the significant generalized psychophysiological interaction association between change in functional connectivity (placebo - baseline) 
and percent pain change between the left middle frontal gyrus and right temporal pole.
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nocebo response in this group. Previous literature suggests that a nocebo response is defined as a negative expectancy- 
based change.31 We have opted to use the term placebo non-responder instead of nocebo because we did not perform an 
intentional nocebo manipulation, nor did we assess negative expectations regarding our inert placebo cream. Future 
research should attempt to replicate these findings while also including an explicit nocebo manipulation and assessing for 
positive and negative expectancies to confirm their potential relevance for improving understanding of nocebo 
mechanisms.

We also found that there was no difference in expected or reported pain intensity at baseline between responders and 
non-responders. However, non-responders had a greater increase in expected pain ratings from baseline to the placebo 
session compared to responders. This is a novel finding that suggests that despite indicating a similar reported pain 
intensity, non-responders expected greater levels of pain in the placebo session. This may be the result of a variety of 
potential mechanisms. First, the non-responders may not have believed the placebo manipulation or believed that the 
painful stimulation would be increased in the placebo session. Future research should consider asking participants to 

Figure 5 Scatterplot representing the significant generalized psychophysiological interaction association between change in functional connectivity (placebo - baseline) 
and percent pain change between the superior frontal gyrus and subcallosal cortex.

Figure 6 Scatterplot representing the significant generalized psychophysiological interaction association between change in functional connectivity (placebo - baseline) 
and percent pain change between the left precuneus and left lateral occipital cortex.
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report what they believe the hypothesis or purpose of each manipulation to be. This may help to assess how participants 
are conceptualizing the study. Second, in the placebo session, it is possible non-responders remembered their reported 
pain in the baseline session differently than they actually reported. While there is little research on non-responders, 
research has shown that pain is susceptible to naturally occurring memory biases.32,33 This has also been shown 
experimentally when researchers were able to manipulate a participant’s memory of their past reported pain intensity 
to a cold pressor task.34

Table 1 Seed-to-Voxel Results Where Responder > Non-Responder Functional Connectivity

ROI x y z k Cluster Region Voxels in 
Region

Coverage (%) pFDR-cor

L. Precuneus −34 −82 28 238 L. Superior Lateral Occipital 

Cortex

222 4 0.01

L. Occipital Pole 5 0
L. Inferior Lateral Occipital 

Cortex

3 0

L. Middle Frontal Gyrus 52 6 −36 195 R. Middle Temporal Pole 121 5 0.04

R. Anterior Inferior Temporal 

Gyrus

43 22

R. Anterior Middle Temporal 

Gyrus

18 9

R. Superior Frontal Gyrus −12 08 −06 211 Subcallosal Cortex 39 3 0.02

L. Putamen 38 4
L. Pallidum 18 6

L. Accumbens 16 8

R. Putamen 11 5
R. Accumbens 9 11

L. Caudate 7 3

R. Frontal Orbital 5 2
Unlabeled 68 0

Figure 7 Scatterplot representing the significant generalized psychophysiological interaction association between change in functional connectivity (placebo - baseline) 
and percent pain change between the left precuneus and right precentral gyrus.
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There were three clusters where placebo responders had greater functional connectivity compared to non-responders 
during painful stimulation in the placebo session associated with their change in pain. There is limited literature that has 
examined differences in FC between responders and non-responders. Importantly, however, the regions included in the 
significant clusters identified have been previously associated with pain induction and placebo analgesia. For the first 
cluster, responders demonstrated greater FC between the middle frontal gyrus (MFG) and the middle temporal pole 
compared to the non-responders in the placebo session. There is little research on the role of the middle temporal pole in 
pain processing; however, this region has significant overlap with the middle temporal gyrus (MTG) and is sometimes 
labeled as the MTG, depending on the atlas. Both the MFG and the MTG regions have been associated with the 
expectation and anticipation of pain relief.9,35 The middle temporal gyrus has also been identified to have increased 
functional activation in meta-analyses for placebo treatment.36 Bush et al22 demonstrated that the middle temporal gyrus’ 
activation during painful stimulation is greater in placebo sessions compared to baseline sessions. As such, a possible 
explanation of this effect is that greater connectivity between the MFG and MTG is associated with a coupling of 
expectation and anticipation of pain relief. This is further supported given that we found non-responders demonstrated 
lower connectivity between these regions in the placebo session compared to responders and also did not have 
a significant relationship between expected pain and reported pain.

Interestingly, we also found that responders had increased FC between the superior frontal gyrus and subcallosal 
cortex compared to non-responders in the placebo session. This may be due to an integration between cognitive and 
emotional processing of pain. The superior frontal gyrus has been previously implicated with cognitive appraisal of pain, 
which is a cognitive process that assists in the positive (eg, cognitive reframing, self-efficacy) or negative (eg, pain 
catastrophizing) coping of pain.37 Superior frontal gyrus activation has been shown to be greater in people with high pain 
catastrophizing during painful stimulation,38 self-efficacy,39–41 and anxiety in pain populations.42,43 The subcallosal 
cortex’s commonly identified function is emotional regulation, particularly with feelings of negative affect such as 
sadness.44 As such, a greater increase in FC during stimulation in the placebo session compared to the baseline session 
for responders compared to non-responders may suggest a process by which responders have greater connectivity 
between their cognitive coping response and emotional regulation.

We also found that responders had increased FC between the precuneus and lateral occipital cortex cluster compared 
to non-responders in the placebo session. This finding may suggest an important functional association between sensory 
integration and attention. In the context of pain, the precuneus is most often associated with sensory integration,45,46 

episodic memory,45,47 and orientation of attention.45 The lateral occipital cortex is not a brain region traditionally 
associated with pain processing. However, some studies have identified visual network structures being implicated in 
painful stimulation and placebo responses.22,48–50 Traditionally, the lateral occipital cortex has been associated with 
object-visual processing.51,52 One potential explanation for this finding may be that for responders, where there is an 
expectation of pain relief, there is a divergence of attention away from the painful intensity to reduce the focus on pain. 
This would make sense in the context of existing literature that has implicated precuneus to be involved with visual 
attention shifting.45,53 While our present study cannot confirm this hypothesis, the fact that non-responders demonstrate 
lower connectivity between these regions may suggest that they have a greater attentional focus on the painful 
experience. Future studies should aim to replicate these findings and use a priori manipulations to further probe this 
potential mechanism.

Lastly, we found that non-responders had increased FC between the precuneus and precentral gyrus compared to 
responders in the placebo session. The precentral gyrus is commonly associated with motor functioning,54 but it has also 
been identified to be activated and has increased FC with cerebellar, precuneus, and cingulate gyri during painful 

Table 2 Seed-to-Voxel Results Where Non-Responder > Responder Functional Connectivity

ROI x y z k Cluster Region Voxels in Region Coverage (%) pFDR-cor

L. Precuneus 66 6 22 176 R. Precentral Gyrus 137 3 0.02
R. Inferior Frontal Gyrus (pars opercularis) 10 1

Unlabeled 28 0
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stimulation paradigms.48,50,55,56 However, not much is known about the role of the precentral gyrus in pain processing. 
One potential reason for how the precuneus-precentral gyrus FC might be related to the degree of painful intensity in 
non-responders compared to responders. Similar to the precuneus-lateral occipital cortex cluster, it is possible non- 
responders increase attentional allocation to the painful stimulation. Future research should consider using the precentral 
gyrus as an a priori region of interest for painful stimulation paradigms and to identify differences between responders in 
placebo manipulations.

The present study’s findings represent an important step in clarifying the differential neural effects between placebo 
responders and non-responders during painful stimulation. However, these findings should be considered within the 
context of its limitations. First, this was a secondary data analysis of a larger study that focused on placebo mechanisms. 
As such, there were no manipulations designed to intentionally produce responders and non-responders. Future research 
should consider a variety of intentional manipulations designed to produce responders and non-responders to further 
characterize the mechanisms of non-responders. Secondly, the sample recruited for this study were healthy, pain-free 
adults between the ages of 18 and 65 who were well educated. This limits the generalizability of the findings to the larger 
adult population or to the population of chronic pain.

Third, given the broader goals of the parent study, the session order was not randomized. Thus, some effects may be 
due to the effect of repeated stimulation. Lastly, this study focused on parametric linear whole-brain seed-to-voxel 
analyses; however, other approaches exist that can reveal how a given region contributes to a functional process. Future 
studies should consider other approaches, such as voxel-to-voxel or graph theory metrics, as well as non-linear methods, 
to further assess more complex relationships between FC and responder status.

Conclusion
In sum, this study provides new insight into the functional mechanisms underlying the response to placebo analgesia 
during heat pain induction. Our findings suggest that while non-responders did not differ from responders at baseline, 
they did significantly increase their expectancy and reported pain intensity compared to responders, suggesting 
a potential nocebo effect. We also found that responders and non-responders had differential functional connectivity 
changes in brain regions related to attentional and emotional processing of pain. Overall, these findings highlight the 
importance of further research into placebo and non-responder mechanisms to better understand placebo analgesia.

Acknowledgments
Support for this work was provided by the National Institutes of Health (R01AT001424; MER, PI, JB, Co-I; 
K23NS124935, JEL, PI). A portion of this work was performed in the McKnight Brain Institute at the National High 
Magnetic Field Laboratory’s Advanced Magnetic Resonance Imaging and Spectroscopy (AMRIS) Facility, which is 
supported by the National Science Foundation Cooperative Agreement No. DMR-1644779* and the State of Florida. 
NJB was funded by the National Institute on Alcohol Abuse and Alcoholism (NIH/NIAAA T32 AA025877).

Disclosure
The authors have no conflicts of interest to report.

References
1. Rikard SM, Strahan AE, Schmit KM, Guy GP. Chronic pain among adults—United States, 2019–2021. MMWR. 2023;72(15):379–385. 

doi:10.15585/mmwr.mm7215a1
2. Gaskin DJ, Richard P. The economic costs of pain in the United States. J Pain. 2012;13(8):715–724. doi:10.1016/j.jpain.2012.03.009
3. Tompkins DA, Hobelmann JG, Compton P. Providing chronic pain management in the “Fifth Vital Sign” era: historical and treatment perspectives 

on a modern-day medical dilemma. Drug Alcohol Depend. 2017;173(Suppl 1):S11–S21. doi:10.1016/j.drugalcdep.2016.12.002
4. Busse JW, Wang L, Kamaleldin M, et al. Opioids for chronic noncancer pain. JAMA. 2018;320(23):2448–2460. doi:10.1001/jama.2018.18472
5. Dahlhamer J, Lucas J, Zelaya C, et al. Prevalence of chronic pain and high-impact chronic pain among adults—United States, 2016. MMWR. 

2018;67(36):1001–1006. doi:10.15585/mmwr.mm6736a2
6. Hommez G, Ongena B, Cauwels RGEC, De Paepe P, Christiaens V, Jacquet W. Analgesia (mis)usage on a dental emergency service: a patient 

survey. Clin Oral Investig. 2018;22(3):1297–1302. doi:10.1007/s00784-017-2228-6

Journal of Pain Research 2025:18                                                                                                     https://doi.org/10.2147/JPR.S483157                                                                                                                                                                                                                                                                                                                                                                                                    199

Bush et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.15585/mmwr.mm7215a1
https://doi.org/10.1016/j.jpain.2012.03.009
https://doi.org/10.1016/j.drugalcdep.2016.12.002
https://doi.org/10.1001/jama.2018.18472
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.1007/s00784-017-2228-6


7. Vase L, Wartolowska K. Pain, placebo, and test of treatment efficacy: a narrative review. Br J Anaesth. 2019;123(2):e254–e262. doi:10.1016/j. 
bja.2019.01.040

8. Colloca L, Klinger R, Flor H, Bingel U. Placebo analgesia: psychological and neurobiological mechanisms. Pain. 2013;154(4):511–514. 
doi:10.1016/j.pain.2013.02.002

9. Amanzio M, Benedetti F. Neuropharmacological dissection of placebo analgesia: expectation-activated opioid systems versus 
conditioning-activated specific subsystems. J Neurosci. 1999;19(1):484–494. doi:10.1523/JNEUROSCI.19-01-00484.1999

10. Bingel U, Wanigasekera V, Wiech K, et al. The effect of treatment expectation on drug efficacy: imaging the analgesic benefit of the opioid 
remifentanil. Sci trans med. 2011;3(70):70ra14. doi:10.1126/scitranslmed.3001244

11. Price DD, Fillingim RB, Robinson ME. Placebo analgesia: friend or foe? Curr Rheumatol Rep. 2006;8(6):418–424. doi:10.1007/s11926-006-0035-1
12. Sanders AE, Slade GD, Fillingim RB, Ohrbach R, Arbes SJ, Tchivileva IE. Effect of treatment expectation on placebo response and analgesic 

efficacy. JAMA Netw Open. 2020;3(4):e202907. doi:10.1001/jamanetworkopen.2020.2907
13. Adamczyk WM, Wiercioch-Kuzianik K, Bajcar EA, Bąbel P. Rewarded placebo analgesia: a new mechanism of placebo effects based on operant 

conditioning. Eur J Pain. 2019;23(5):923–935. doi:10.1002/ejp.1360
14. Bąbel P, Bajcar EA, Adamczyk W, et al. Classical conditioning without verbal suggestions elicits placebo analgesia and nocebo hyperalgesia. PLoS 

One. 2017;12(7):e0181856. doi:10.1371/journal.pone.0181856
15. Voudouris NJ, Peck CL, Coleman G. The role of conditioning and verbal expectancy in the placebo response. Pain. 1990;43(1):121–128. 

doi:10.1016/0304-3959(90)90057-K
16. Pollo A, Amanzio M, Arslanian A, Casadio C, Maggi G, Benedetti F. Response expectancies in placebo analgesia and their clinical relevance. Pain. 

2001;93(1):77–84. doi:10.1016/S0304-3959(01)00296-2
17. Kisaalita NR, Robinson ME. Analgesic placebo treatment perceptions: acceptability, efficacy, and knowledge. J Pain. 2012;13(9):891–900. 

doi:10.1016/j.jpain.2012.06.003
18. Wolter T, Kleinmann B. Placebo acceptability in chronic pain patients: more dependent on application mode and resulting condition than on 

individual factors. PLoS One. 2018;13(11):e0206968. doi:10.1371/journal.pone.0206968
19. Carvalho C, Caetano JM, Cunha L, Rebouta P, Kaptchuk TJ, Kirsch I. Open-label placebo treatment in chronic low back pain: a randomized 

controlled trial. Pain. 2016;157(12):2766–2772. doi:10.1097/j.pain.0000000000000700
20. Atkinson G, Williamson P, Batterham AM. Issues in the determination of “responders” and “non-responders” in physiological research. Exp 

Physiol. 2019;104(8):1215–1225. doi:10.1113/EP087712
21. Bosma RL, Ameli Mojarad E, Leung L, Pukall C, Staud R, Stroman PW. Neural correlates of temporal summation of second pain in the human 

brainstem and spinal cord. Human Brain Mapp. 2015;36(12):5038–5050. doi:10.1002/hbm.22993
22. Bush NJ, Boissoneault J, Letzen J, Staud R, Robinson ME. Task-dependent functional connectivity of pain is associated with the magnitude of 

placebo analgesia in pain-free individuals. Eur J Pain. 2023;27(8):1023–1035. doi:10.1002/ejp.2145
23. Stroman PW, Ioachim G, Powers JM, Staud R, Pukall C. Pain processing in the human brainstem and spinal cord before, during, and after the 

application of noxious heat stimuli. Pain. 2018;159(10):2012–2020. doi:10.1097/j.pain.0000000000001302
24. Geers AL, Wellman JA, Fowler SL, Helfer SG, France CR. Dispositional optimism predicts placebo analgesia. J Pain. 2010;11(11):1165–1171. 

doi:10.1016/j.jpain.2010.02.014
25. Geers AL, Fowler SL, Helfer SG, Murray AB. A test of psychological and electrodermal changes immediately after the delivery of 3 analgesic 

treatment messages. Pain Rep. 2019;4(3):e693. doi:10.1097/PR9.0000000000000693
26. Aydın S, Öztürk Y, Beis R, Hüsnü Can Başer K. Investigation of Origanum onites, Sideritis congesta and Satureja cuneifolia essential oils for 

analgesic activity. Phytother Res. 1996;10(4):342–344. doi:10.1002/(SICI)1099-1573(199606)10:4<342::AID-PTR832>3.0.CO;2-W
27. Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity toolbox for correlated and anticorrelated brain networks. Brain Connect. 

2012;2(3):125–141. doi:10.1089/brain.2012.0073
28. Chai XJ, Ofen N, Gabrieli JDE, Whitfield-Gabrieli S. Selective development of anticorrelated networks in the intrinsic functional organization of 

the human brain. J Cogn Neurosci. 2014;26(3):501–513. doi:10.1162/jocn_a_00517
29. Rolls ET, Huang -C-C, Lin C-P, Feng J, Joliot M. Automated anatomical labelling atlas 3. NeuroImage. 2020;206:116189. doi:10.1016/j. 

neuroimage.2019.116189
30. McLaren DG, Ries ML, Xu G, Johnson SC. A generalized form of context-dependent psychophysiological interactions (gPPI): a comparison to 

standard approaches. NeuroImage. 2012;61(4):1277–1286. doi:10.1016/j.neuroimage.2012.03.068
31. Colloca L, Miller FG. The nocebo effect and its relevance for clinical practice. Psychosomatic Med. 2011;73(7):598–603. doi:10.1097/ 

PSY.0b013e3182294a50
32. Kahneman D, Fredrickson BL, Schreiber CA, Redelmeier DA. When more pain is preferred to less: adding a better end. Psychol Sci. 1993;4 

(6):401–405. doi:10.1111/j.1467-9280.1993.tb00589.x
33. Redelmeier DA, Kahneman D. Patients’ memories of painful medical treatments: real-time and retrospective evaluations of two minimally invasive 

procedures. Pain. 1996;66(1):3–8. doi:10.1016/0304-3959(96)02994-6
34. Urban EJ, Cochran KJ, Acevedo AM, Cross MP, Pressman SD, Loftus EF. Misremembering pain: a memory blindness approach to adding a better 

end. Mem Cognit. 2019;47(5):954–967. doi:10.3758/s13421-019-00913-9
35. Amanzio M, Palermo S. Pain anticipation and nocebo-related responses: a descriptive mini-review of functional neuroimaging studies in normal 

subjects and precious hints on pain processing in the context of neurodegenerative disorders. Front Pharmacol. 2019;10. doi:10.3389/ 
fphar.2019.00969

36. Zunhammer M, Spisák T, Wager TD, Bingel U. Meta-analysis of neural systems underlying placebo analgesia from individual participant fMRI 
data. Nat Commun. 2021;12(1):1391. doi:10.1038/s41467-021-21179-3

37. Hermsen EJWJ, Van Den Keybus L, Baert I, et al. Functional connectivity during attentional focus on a numerical Stroop test with nociceptive 
stimuli. Front Human Neurosci. 2016;10:1–11. doi:10.3389/fnhum.2016.00403

38. Gracely RH, Geisser ME, Giesecke T, et al. Pain catastrophizing and neural responses to pain among persons with fibromyalgia. Brain. 2004;127(Pt 
4):835–843. doi:10.1093/brain/awh098

39. Gerchen MF, Rentsch A, Kirsch M, Kiefer F, Kirsch P. Shifts in the functional topography of frontal cortex-striatum connectivity in alcohol use 
disorder. Addict Biol. 2019;24(6):1245–1253. doi:10.1111/adb.12692

https://doi.org/10.2147/JPR.S483157                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Pain Research 2025:18 200

Bush et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.bja.2019.01.040
https://doi.org/10.1016/j.bja.2019.01.040
https://doi.org/10.1016/j.pain.2013.02.002
https://doi.org/10.1523/JNEUROSCI.19-01-00484.1999
https://doi.org/10.1126/scitranslmed.3001244
https://doi.org/10.1007/s11926-006-0035-1
https://doi.org/10.1001/jamanetworkopen.2020.2907
https://doi.org/10.1002/ejp.1360
https://doi.org/10.1371/journal.pone.0181856
https://doi.org/10.1016/0304-3959(90)90057-K
https://doi.org/10.1016/S0304-3959(01)00296-2
https://doi.org/10.1016/j.jpain.2012.06.003
https://doi.org/10.1371/journal.pone.0206968
https://doi.org/10.1097/j.pain.0000000000000700
https://doi.org/10.1113/EP087712
https://doi.org/10.1002/hbm.22993
https://doi.org/10.1002/ejp.2145
https://doi.org/10.1097/j.pain.0000000000001302
https://doi.org/10.1016/j.jpain.2010.02.014
https://doi.org/10.1097/PR9.0000000000000693
https://doi.org/10.1002/(SICI)1099-1573(199606)10:4%3C342::AID-PTR832%3E3.0.CO;2-W
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1162/jocn_a_00517
https://doi.org/10.1016/j.neuroimage.2019.116189
https://doi.org/10.1016/j.neuroimage.2019.116189
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1097/PSY.0b013e3182294a50
https://doi.org/10.1097/PSY.0b013e3182294a50
https://doi.org/10.1111/j.1467-9280.1993.tb00589.x
https://doi.org/10.1016/0304-3959(96)02994-6
https://doi.org/10.3758/s13421-019-00913-9
https://doi.org/10.3389/fphar.2019.00969
https://doi.org/10.3389/fphar.2019.00969
https://doi.org/10.1038/s41467-021-21179-3
https://doi.org/10.3389/fnhum.2016.00403
https://doi.org/10.1093/brain/awh098
https://doi.org/10.1111/adb.12692


40. Kawamichi H, Sugawara SK, Hamano YH, et al. Neural correlates underlying change in state self-esteem. Sci Rep. 2018;8:1798. doi:10.1038/ 
s41598-018-20074-0

41. van Schie CC, Chiu C-D, Rombouts SARB, Heiser WJ, Elzinga BM. When compliments do not hit but critiques do: an fMRI study into self-esteem 
and self-knowledge in processing social feedback. Soc Cogn Affect Neurosci. 2018;13(4):404–417. doi:10.1093/scan/nsy014

42. Glass J, Williams D, Fernandez-Sanchez M, et al. Executive function in chronic pain patients and healthy controls: different cortical activation 
during response inhibition in fibromyalgia. J Pain. 2011;12(12):1219–1229. doi:10.1016/j.jpain.2011.06.007

43. Lutz J, Jäger L, de Quervain D, et al. White and gray matter abnormalities in the brain of patients with fibromyalgia: a diffusion-tensor and 
volumetric imaging study. Arthritis Rheum. 2008;58(12):3960–3969. doi:10.1002/art.24070

44. Dunlop BW, Rajendra JK, Craighead WE, et al. Functional connectivity of the subcallosal cingulate cortex identifies differential outcomes to 
treatment with cognitive behavior therapy or antidepressant medication for major depressive disorder. Am J Psychiatry. 2017;174(6):533–545. 
doi:10.1176/appi.ajp.2016.16050518

45. Cavanna AE, Trimble MR. The precuneus: a review of its functional anatomy and behavioural correlates. Brain. 2006;129(3):564–583. 
doi:10.1093/brain/awl004

46. Tanaka S, Kirino E. Functional connectivity of the precuneus in female university students with long-term musical training. Front Human Neurosci. 
2016;10. doi:10.3389/fnhum.2016.00328

47. Flanagin VL, Klinkowski S, Brodt S, et al. The precuneus as a central node in declarative memory retrieval. Cereb Cortex. 2023;33(10):5981–5990. 
doi:10.1093/cercor/bhac476

48. Bush NJ, Schneider V, Sevel L, Bishop MD, Boissoneault J. Associations of regional and network functional connectivity with exercise-induced 
low back pain. J Pain. 2021;22(12):1606–1616. doi:10.1016/j.jpain.2021.05.004

49. Kong J, Loggia ML, Zyloney C, Tu P, LaViolette P, Gollub RL. Exploring the brain in pain: activations, deactivations and their relation. Pain. 
2010;148(2):257. doi:10.1016/j.pain.2009.11.008

50. Mayr A, Jahn P, Stankewitz A, et al. Patients with chronic pain exhibit individually unique cortical signatures of pain encoding. Human Brain 
Mapp. 2021;43(5):1676–1693. doi:10.1002/hbm.25750

51. Emberson LL, Crosswhite SL, Richards JE, Aslin RN. The lateral occipital cortex is selective for object shape, not texture/color, at six months. 
J Neurosci. 2017;37(13):3698–3703. doi:10.1523/JNEUROSCI.3300-16.2017

52. Nagy K, Greenlee M, Kovács G. The lateral occipital cortex in the face perception network: an effective connectivity study. Front Psychol. 2012;3. 
doi:10.3389/fpsyg.2012.00141

53. Ferri J, Schmidt J, Hajcak G, Canli T. Emotion regulation and amygdala-precuneus connectivity: focusing on attentional deployment. Cogn Affect 
Behav Neurosci. 2016;16(6):991–1002. doi:10.3758/s13415-016-0447-y

54. Banker L, Tadi P. Neuroanatomy, Precentral Gyrus. In: StatPearls. StatPearls Publishing; 2023.
55. Wei X, Shi G, Tu J, et al. Structural and functional asymmetry in precentral and postcentral gyrus in patients with unilateral chronic shoulder pain. 

Front Neurol. 2022;13:792695. doi:10.3389/fneur.2022.792695
56. Zhang Y, Chen H, Zeng M, et al. Abnormal whole brain functional connectivity pattern homogeneity and couplings in migraine without aura. Front 

Human Neurosci. 2020;14. doi:10.3389/fnhum.2020.619839

Journal of Pain Research                                                                                                             

Publish your work in this journal 
The Journal of Pain Research is an international, peer reviewed, open access, online journal that welcomes laboratory and clinical findings in the 
fields of pain research and the prevention and management of pain. Original research, reviews, symposium reports, hypothesis formation and 
commentaries are all considered for publication. The manuscript management system is completely online and includes a very quick and fair 
peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-pain-research-journal

Journal of Pain Research 2025:18                                                                                                          201

Bush et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41598-018-20074-0
https://doi.org/10.1038/s41598-018-20074-0
https://doi.org/10.1093/scan/nsy014
https://doi.org/10.1016/j.jpain.2011.06.007
https://doi.org/10.1002/art.24070
https://doi.org/10.1176/appi.ajp.2016.16050518
https://doi.org/10.1093/brain/awl004
https://doi.org/10.3389/fnhum.2016.00328
https://doi.org/10.1093/cercor/bhac476
https://doi.org/10.1016/j.jpain.2021.05.004
https://doi.org/10.1016/j.pain.2009.11.008
https://doi.org/10.1002/hbm.25750
https://doi.org/10.1523/JNEUROSCI.3300-16.2017
https://doi.org/10.3389/fpsyg.2012.00141
https://doi.org/10.3758/s13415-016-0447-y
https://doi.org/10.3389/fneur.2022.792695
https://doi.org/10.3389/fnhum.2020.619839
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Methods
	Participants
	Project Timeline
	Quantitative Sensory Testing (QST) Calibration
	MRI Data Acquisition
	Noxious Heat Paradigm
	Placebo Analgesia
	Functional Data Processing
	Generalized Psychophysiological Interaction
	Statistical Analyses

	Results
	Participants
	Whole Sample Statistics
	Responder Behavioral Effect
	Task-Dependent Functional Connectivity

	Discussion
	Conclusion
	Acknowledgments
	Disclosure

