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Pain is a highly subjective and multidimensional experience, significantly influenced by various psychological
factors. Placebo analgesia and nocebo hyperalgesia exemplify this influence, where inert treatments result in
pain relief or exacerbation, respectively. While extensive research has elucidated the psychological and neural
mechanisms behind these effects, most studies have focused on transient pain stimuli. To explore these mech-
anisms in the context of tonic pain, we conducted a study using a 15-minute tonic muscle pain induction pro-
cedure, where hypertonic saline was infused into the left masseter of healthy participants. We collected real-time
Visual Analogue Scale (VAS) scores and functional magnetic resonance imaging (fMRI) data during the induction
of placebo analgesia and nocebo hyperalgesia via conditioned learning. Our findings revealed that placebo
analgesia was more pronounced and lasted longer than nocebo hyperalgesia. Real-time pain ratings correlated
significantly with neural activity in several brain regions. Notably, the putamen was implicated in both effects,
while the caudate and other regions were differentially involved in placebo and nocebo effects. These findings
confirm that the tonic muscle pain paradigm can be used to investigate the mechanisms of placebo and nocebo
effects and indicate that placebo analgesia and nocebo hyperalgesia may have more distinct than common neural
bases.

1. Introduction treatment leads to pain relief and pain exacerbation, respectively

(Colloca and Barsky, 2020). Importantly, placebo effects play so

Pain is a major public health issue. Chronic pain consistently ranks as
one of the most burdensome non-fatal diseases (Vos et al., 2012) and
incurs hundreds of billions of economic costs in major countries (Gaskin
and Richard, 2012; Zhang et al., 2016). While few active treatments can
cure chronic pain, placebos can alleviate pain in many chronic pain
patients (Kaptchuk et al., 2020). This may be due to the fact that painisa
highly subjective, multidimensional experience significantly influenced
by numerous psychological factors (Linton and Shaw, 2011). Two
typical examples of how psychological states affect pain are placebo
analgesia and nocebo hyperalgesia, where a pharmacologically inert
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important a role in pain management that they can explain nearly 50 %
of treatment effects of analgesics (Bingel, 2020), even overshadowing
the real effects of some treatments and leading to the failed development
of analgesics (Raman, 2020; Rodrigues and Ferreira, 2020). Conversely,
nocebo hyperalgesia is one of the reasons why some patients discontinue
their pain treatment (Klinger et al., 2017). Therefore, revealing the
neural bases of placebo/nocebo effects not only promotes a better un-
derstanding of placebo analgesia/nocebo hyperalgesia but also aids in
alleviating pain and improving patients’ well-being.

Decades of research have made remarkable advances in
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understanding the psychological and neural mechanisms of placebo and
nocebo effects in pain. Expectations and learning are two major psy-
chological mechanisms of both placebo and nocebo effects (Benedetti
et al., 2022; Colloca and Barsky, 2020; Petrie and Rief, 2019; Tu et al.,
2022). Generally speaking, positive expectations of pain relief lead to
placebo analgesia, while negative expectations of pain exacerbation
cause nocebo hyperalgesia (Zhang et al., 2019). For example, expecta-
tions established through direct verbal information about the efficacy or
side effects of treatments have been shown to induce placebo or nocebo
effects in pain (Colloca et al., 2008; van Laarhoven et al., 2011). Pairing
cues with lower or higher pain stimuli, namely classical conditioning,
also generates expectations and thus produces placebo or nocebo effects
(Colloca and Benedetti, 2006; Reicherts et al., 2016; Tu et al., 2020).
Classical conditioning itself also contributes to placebo and nocebo ef-
fects independent of expectations, as evidenced by implicit conditioning
studies where participants are unaware of the coupling of cues and pain
stimuli (Jensen et al., 2012; Liu et al., 2020; Tu et al., 2021a). Apart from
psychological mechanisms, researchers have begun to unveil the neural
bases of placebo analgesia and nocebo hyperalgesia. A meta-analysis has
concluded that the endogenous opioid, endocannabinoid, and vaso-
pressinergic systems are involved in placebo analgesia, while the
cholecystokinin system is implicated in nocebo hyperalgesia (Skyt et al.,
2020). Neuroimaging techniques, like functional magnetic resonance
imaging (fMRI), have shown that placebo analgesia recruits areas such
as the prefrontal cortex, cingulate cortex, precentral gyri, insula, puta-
men, caudate, thalamus, and periaqueductal gray (Benedetti et al.,
2022). Conversely, nocebo hyperalgesia has been related to the dorsal
anterior cingulate cortex, posterior insula, and parietal operculum (Fu
et al., 2021).

These advances notwithstanding, two key issues remain not fully
addressed as of now. One issue is that most basic research on placebo
analgesia and nocebo hyperalgesia uses only transient painful stimuli
like contact heat and electrical painful stimuli, which last at most several
seconds (Fu et al., 2021). Clinically-relevant pain, however, often lasts
much longer, ranging from minutes to months. Neural substrates of
placebo and nocebo effects in clinically-relevant pain, such as tonic or
chronic pain, may thus not be the same as those in transient pain.
Indeed, different areas are involved in processing transient versus ton-
ic/chronic pain (Reckziegel et al., 2019). For example, emotion-related
areas play more important roles in tonic or chronic pain than in transient
pain (Baliki and Apkarian, 2015). The other unaddressed issue is how
similar or different neural mechanisms of placebo analgesia and nocebo
effects are (Petrovic, 2008), particularly in the context of tonic pain.
Placebo and nocebo effects seem to be two sides of the same coin: one
arises from positive expectations and learning about treatments, while
the other arises from negative expectations and learning. Consistent
with this idea, placebo and nocebo effects have been found to show
opposite opioid and dopamine responses (Scott et al., 2008). However,
there are also different neural underpinnings for placebo and nocebo
effects. For example, a meta-analysis has identified distinct neural net-
works for placebo and nocebo effects (Fu et al., 2021). It is even more
unclear whether different or similar neural activities subserve placebo
and nocebo effects in tonic pain.

To address these issues, the present study used a tonic muscle pain
induction procedure, where hypertonic saline was infused into the left
masseter of healthy participants for 15 min. In the meantime, we
collected real-time Visual Analogue Scale (VAS) scores and fMRI data
while placebo analgesia/nocebo hyperalgesia was induced via condi-
tioned learning. To unveil and contrast the neural mechanisms of pla-
cebo and nocebo effects, we conducted a series of statistical analyses, e.
g., general linear model, multilevel correlation and regression analyses,
and multilevel mediation path analyses.
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2. Methods
2.1. Participants

A total of 46 healthy, medication-free, right-handed male volunteers
were recruited in the study, and 42 participants were included after
excluding one participant for not being able to complete the whole
experimental procedure, one for imaging artifacts, and two for excessive
head motions (> 3.5 mm/®) during fMRI scanning. Twenty-one partic-
ipants were assigned to the placebo group (age: 20.57 + 1.71 years),
while the remaining 21 were assigned to the nocebo group (age: 21.09 +
2.04 years). All participants met the safety criteria for MRI, had no
history of neurological disorders, chronic pain disorders, or smoking,
and had not experienced acute pain in the four weeks preceding the
experiment. Each participant provided written informed consent and
received monetary compensation for their participation. The study was
approved by the Human Research Ethics Committee of the Shenzhen
Institute of Advanced Technology, Chinese Academy of Sciences, China,
and adhered to the principles of the Declaration of Helsinki.

2.2. Tonic pain induction

Deep sustained muscle pain was induced in the left masseter of
participants using a closed-loop system designed for maintaining con-
stant experimental muscle pain, as proposed by Zhang et al. (1993) and
previously utilized in tonic pain studies (Scott et al., 2008; Zubieta et al.,
2005). Initially, a bolus of hypertonic saline (5 % NaCl) was adminis-
tered through a computer-controlled infusion pump within a 15-s
timeframe. Then, hypertonic saline was delivered with a dynamic
speed to ensure that the participant’s pain intensity remained within a
predefined range. The infusion speed was adjusted every 15 s by a
proportional-integral-derivative (PID) controller, which took into ac-
count the participant’s pain perception rating to the initial bolus and
real-time ratings of the present pain intensity (Fig. 1A). Participants
rated the present pain intensity using an electronic VAS ranging from
0 (no pain) to 10 (the most pain intensity imaginable). The VAS had 100
intervals in total, with each interval representing a score change of 0.1.
Participants used two buttons located in their left hand to control the
VAS scores: one button to increment the score by one unit with each
press, and the other button to decrement the score. VAS scores were
collected at a frequency of one score per second.

In this study, a run of tonic pain lasted for 25 min, consisting of a 5-
min baseline period, followed by a 15-min phase of tonic pain induced
by hypertonic saline infusion, and finished with a 5-min recovery
period. Hypertonic saline infusion was not administered during the
baseline and recovery phases. Please note that the 24-gauge needles
were used in this study, with precise positioning guided by delineating
the contour of the masseter muscle during jaw clenching. The needles
were inserted to a depth of approximately 1 cm into the masseter
muscle. After a successful infusion session (two runs), the metal needles
were removed. It’s important to highlight that all pain induction pro-
cedures were performed by licensed medical professionals. Noted that
injection of hypertonic saline has been by far the most frequently used
chemical stimulus in experimental muscle pain research because of its
safety and reliability (Reddy et al., 2012).

2.3. Experimental design

The experiment was designed according to the concept of inducing
expectations related to fictitious drug effects. It was conducted on two
consecutive days for each participant to ensure that each day’s experi-
mental procedures could be completed within three hours and that
participants remained in good condition throughout the experiment
(Fig. 1B). On the first day (D1), participants’ expectations regarding the
effects of the pseudo “drug” were established, and on the second day
(D2), the placebo and nocebo effects were evaluated during fMRI
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Fig. 1. Tonic pain induction and experimental procedures. (A) Tonic muscle pain was induced in the left masseter using hypertonic saline (5 % NaCl), with real-time
feedback on the present pain intensity to adjust the infusion rate of hypertonic saline via a PID controller. This system aims to maintain the participant’s pain
intensity within a predefined range. (B) On day 1, participants in the placebo and nocebo groups were primed to anticipate respectively decreased and increased pain
from the “drug” by manipulating the PID controller. On day 2, participants were informed to receive the same “drug” as on day 1, enabling the generation of placebo
and nocebo effects based on their expectations. On day 1, the placebo group received lower pain (PID = 3), and the nocebo group received higher pain (PID = 7)
during the drug run. Participants received moderate pain during the no-drug run (PID = 5). On day 2, the same stimulus intensity was applied in all conditions (PID =
5). (C) Both non-drug and drug runs lasted 25 min, comprising a 5-minute baseline, 15-minute tonic pain stimulation, and 5-minute recovery. Following recovery,
participants were asked to complete several questionnaires. MPQ: the short form of McGill Pain Questionnaire, PANAS: Positive and Negative Schedule, POMS: the
short form of Profile of Mood States, PID: a proportional-integral-derivative controller.

scanning. On D1, participants in the placebo group were primed to
anticipate pain relief from the “drug”, while those in the nocebo group
were primed to anticipate increased pain due to the “drug” (see details
below). On D2, participants were informed that they would receive the
same “drug” as on D1, enabling the generation of placebo and nocebo
effects based on their expectations of the “drug”.

The experiment employed two infusion pumps. Pump #1 controlled
the induction of tonic pain in the left masseter muscle, while pump #2
regulated the infusion purported to be the “drug” into the left arm.
Importantly, the “drug” being referred to had no impact on pain mod-
ulation. Throughout the experiment, medication-grade isotonic saline
solution (0.9 % NaCl) was administered into the left arm at a constant
rate of 75 pl/min on both days. Instead, the effect of the purported
“drug” was generated by adjusting the intensity of the tonic pain
administered to the left masseter muscle.

Each participant underwent two runs of tonic pain on both D1 and
D2: one run with the “drug” infusion (drug run) and one without the
“drug” infusion (no-drug run). The no-drug run served as the control
condition, during which participants received a moderate level of tonic
pain (0.25 mL bolus with PID = 5) without any specific instructions. In
the drug run, participants were informed that the intravenous infusion
(pump #2) would be switched from isotonic saline to a “drug” called
“entacapone”, which is clinically used to treat Parkinson’s disease. They
were also informed that the effects of the “drug” on pain relief were
uncertain on D1. Then, participants in the placebo group received tonic
pain with a lower intensity (0.15 mL bolus with PID = 3), while par-
ticipants in the nocebo group received tonic pain with a higher intensity
(0.3 mL bolus with PID = 7). On D2, all participants received the same
stimuli in the drug run as in the no-drug run (0.25 mL bolus with PID =
5). However, it is possible that the placebo group anticipated the "drug"
to alleviate pain, while the nocebo group anticipated the "drug" to
exacerbate pain.

Additionally, participants always underwent the no-drug run fol-
lowed by the drug run on D1, whereas the order was randomized on D2.
There was a minimum time interval of 10 min between the two runs.
Immediately after each run, the experimenter completed the short form
of McGill Pain Questionnaire (MPQ; Melzack, 1987), the Positive and

Negative Affect Schedule (PANAS; Watson et al., 1988), and the short
form of Profile of Mood States (POMS; Grove and Prapavessis, 1992).
Additionally, the experimenter collected the overall pain intensity and
unpleasantness during the run based on the participant’s oral responses.
The MPQ assesses the present pain-related sensory and affect compo-
nents, as well as the present pain intensity (PPI). The PANAS measures
the positive and negative affect, and the POMS includes seven subscales
to measure specific affect, including vigor, esteem-related affect, ten-
sion, anger, fatigue, depression, and confusion. Ratings for overall pain
intensity and unpleasantness ranged from O (no pain/unpleasantness) to
10 (the most pain intensity/ unpleasantness imaginable).

2.4. MRI data acquisition

Images were acquired using a 3.0 Tesla Siemens Trio scanner
(Siemens Medical, Erlangen, Germany) at Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences, China. High-
resolution T1-weighted structural images were collected with 3D-
Magnetization Prepared Rapid Gradient Echo Sequence (Repetition
Time [TR] = 1900 ms, Echo Time [TE] = 2.55 ms, Field of View [FOV] =
240 x 240 mm?, matrix size = 256 x 256, flip angle = 9°, slice thickness
=1 mm, 176 slices). Functional images were acquired with echo planar
imaging sequence (TR = 2000 ms, TE = 30 ms, FOV = 220 x 220 mm?,
matrix size = 64 x 64, flip angle = 90°, slice thickness = 4 mm, spacing
between slices = 5.2 mm, 31 slices, interleaved slice order). A total of
750 volumes were acquired for both the no-drug run and drug run,
including 150 volumes for baseline, 450 volumes for tonic pain stimu-
lation, and 150 volumes for recovery.

2.5. MRI data preprocessing

MRI data were preprocessed using the SPM 12 toolbox (Statistical
Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm) following the
preprocessing and quality control protocol proposed by Di and Biswal
(2022). Specifically, structural images were segmented into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF), and defor-
mation fields between the native and the Montreal Neurological
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Institute (MNI) space were generated during the segmentation. For
functional images, the initial ten volumes were discarded from each
fMRI run to ensure the scanner signal stability. The remaining fMRI
images were slice-timing corrected to the middle slice, head motion
corrected to the mean image, coregistered to the skull-stripped bias--
corrected structural images, normalized to the MNI space with the
deformation field generated during structural image segmentation, and
resampled to 3 x 3 x 3 mm® isotropic voxels, and smoothed with a 6 mm
full-width half maximum (FWHM) Gaussian kernel (termed smoothed
fMRI images). These smoothed fMRI images were used for further fMRI
General Linear Model (GLM) analyses. For timeseries analyses, an
additional step to regress out covariates was conducted before
smoothing. These covariates included the 24 Friston’s head motion
model (Friston et al., 1996) and the first principal component of the
signals of the WM and CSF. The regressed then smoothed images, termed
regressed fMRI images, were used for further timeseries extraction.

2.6. Statistical analyses

2.6.1. Behavioral data analyses

Statistical comparisons were conducted separately for D1 and D2 on
each subscale of MPQ, PANAS, and POMS, as well as on the overall pain
intensity and unpleasantness between the no-drug run and drug run as
well as between placebo and nocebo groups. A two-way repeated-mea-
sures analysis of variance (ANOVA) was used to examine placebo and
nocebo effects, with ‘group’ (placebo vs. nocebo) as the between-
subjects factor and ‘treatment’ (drug vs. no-drug) as the within-
subjects factor. When significant interactions were observed, post-hoc
comparisons were performed between the no-drug run and drug run
for placebo and nocebo groups, respectively. If the data were normally
distributed, as determined by D’Agostino and Pearson’s test that com-
bines skew and kurtosis (D’Agostino, 1971), paired-sample t-tests were
performed. Otherwise, Wilcoxon signed-rank tests were performed. To
control for false positives, p values were adjusted using the False Dis-
covery Rate (FDR) correction. Furthermore, only VAS scores indicating
real-time pain intensity at odd time points (e.g., 1 s, 3 s, 5 s...) were
retained for each participant to align with each TR (2 s), since each fMRI
volume was slice-timing corrected to the middle slice. Mean VAS scores
during the tonic pain phase (the middle 15 min) were computed for each
participant and compared between no-drug run and drug run on D1 and
D2 using two-way repeated-measures ANOVA with post-hoc pair-
ed-samples t-tests or Wilcoxon sign-rank tests, depending on the
normality of the data. Additionally, to evaluate dynamic changes of VAS
score differences, two-way repeated-measures ANOVA followed by
paired-sample t-tests were performed between no-drug run and drug run
at each timepoint on D2. All statistical analyses were conducted using
the scipy package (Virtanen et al., 2020) and pingouin package (Vallat,
2018).

2.6.2. GLM analyses

For each participant and each run (i.e., no-drug run and drug run),
first-level analyses were performed on smoothed fMRI images. Age and
run order were included as covariates, along with six realignment pa-
rameters as regressors of no interest and real-time VAS scores (i.e., real-
time pain intensity) as regressors of interest. A high-pass filter of 1000s
was performed due to the prolonged duration of the tonic pain stimu-
lation. T-contrasts were generated to identify brain regions exhibiting
correlations with real-time VAS scores. At the group-level, the contrast
maps were aggregated across all participants and both runs, and
compared using one-sample t-tests against zero. The statistical analysis
was constrained to a gray matter mask, which included voxels where the
mean probability of the gray matter mask across all subjects was 0.2 or
higher. To ensure robust and reliable results, a more stringent primary
threshold (i.e., p < 0.0001) was applied at the voxel level. Cluster-level
family-wise error (FWE) correction with a threshold of p < 0.05 was also
applied to correct for multiple comparisons. Brain regions showing
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positive or negative correlations with real-time VAS scores were iden-
tified as regions of interest (ROIs), and ROI masks were generated using
the Marsbar toolbox (Brett et al., 2010). Additionally, brain regions
correlating with real-time VAS scores were examined separately for the
no-drug run and drug run within the placebo and nocebo groups. In
these analyses, a voxel-level threshold of p < 0.001 and cluster-level
FWE correction with a threshold of p < 0.05 were applied to account
for multiple comparisons.

2.6.3. Multilevel mediation path analyses

For further analyses, ROI timeseries were extracted from the
regressed fMRI images. First, ROI timeseries during tonic pain stimula-
tion (450 volumes) were normalized to the baseline by subtracting the
mean value during the baseline period, separately for the no-drug run
and drug run. Second, multilevel correlation analyses were performed
between ROI timeseries and real-time VAS scores in the no-drug run and
drug run for placebo and nocebo groups, respectively. This resulted in a
total of four multilevel correlation analyses for each ROI. These corre-
lation analyses were performed while clustered within each participant.
Third, multilevel regression analyses were performed to explore
whether significant differences existed in ROI timeseries between the
no-drug run and drug run (the no-drug run was coded as 0, and the drug
run was coded as 1) in placebo and nocebo groups, respectively. The ROI
timeseries were treated as the dependent variable, and the run type was
treated as the independent variable. Once again, the analyses were
clustered within each participant. FDR correction was separately
applied to the p values in each type of analysis (e.g., p values of the
multilevel regression analyses for all ROIs in the placebo group). Time
series extractions were conducted using the nibabel package (Brett et al.,
2023), multilevel correlation analyses used the correlation package
(Makowski et al., 2020, 2022), and multilevel regression analyses
employed the Ime4 package (Bates et al., 2015).

Based on the second and third steps outlined above, ROIs that
correlated with real-time VAS scores in both the no-drug run and drug
run, while also demonstrating significant differences between the two
runs were identified in the placebo and nocebo groups, respectively (e.
g., ROIs with timeseries positively correlated with real-time VAS scores
in both drug run and no-drug run, and showing significantly stronger
activity in drug run compared to no-drug run in the placebo group).
Furthermore, multilevel structural equation modeling (SEM) was built
using run type as the independent variable (no-drug run was coded as 0,
and drug run was coded as 1), timeseries from ROIs as mediators, and
real-time VAS scores as the dependent variable. Please note that ROI
timeseries were person-mean-centered before analyses. If multiple ROIs
were involved, a latent variable was incorporated. A standard maximum
likelihood estimator was used, and the SEM was built for positive and
negative correlations separately. The estimate was considered statisti-
cally significant when the 95 % confidence interval (CI) excluded zero.
Standardized path coefficients (), 95 % Cls, and p values were reported
for both direct and indirect effects. The model fit was assessed using the
following criteria if the model was not saturated (p = 1.000, % = 0, df =
0): the significance of chi-square test p > 0.05, the normed chi-square, i.
e., the ratio of Xz to degree of freedom (df), < 2 (Ullman, 2001), the root
mean square error of approximation (RMSEA) < 0.06, standardized root
mean square residual (SRMR) < 0.08, both the comparative fit index
(CFI) and the Tucker-Lewis index (TLI) > 0.95 (Hu and Bentler, 1999).
Mplus v8.3 (https://www.statmodel.com/) was used for the multilevel
SEM analyses.

3. Results
3.1. Behavioral results
A post-hoc power calculation for the two-way repeated-measures

ANOVA was performed using G*power (Faul et al., 2009, 2007). Spe-
cifically, for overall pain intensity, the post-hoc power analysis was


https://www.statmodel.com/

M. Chen et al.

conducted to verify the sample size used in the study (i.e., 42 partici-
pants). Using the G*Power tool, an F-test was applied for two groups
with two treatment conditions, a confidence level of 95 % (« error
probability = 0.05), and an effect size of 1.106 (derived from the partial
q2 = 0.55 for the interaction effect). The results showed a power level
(1-B) of 1.0, which is above the 0.8 threshold typically considered
adequate in the analysis (Kang, 2021). For mean VAS scores, the same
post-hoc power analysis was performed to support the sample size of 42
participants. The F-test was applied with the same parameters, except
for an effect size of 0.886 (derived from the partial nz = 0.44 for the
interaction effect). The results showed a power level (1-8) of 1.0, also
higher than the 0.8 threshold.

Two-way repeated-measures ANOVA revealed that overall pain in-
tensity on D2 was not significantly modulated by the main effects of
‘group’ (F(1,40) = 3.07, p = 0.087) or ‘treatment’ (F(1,40) =1.99,p =
0.166), but was significantly modulated by their interaction (F(1,40) =
49.72, p < 0.001, n2 = 0.55). Post-hoc paired-sample t-tests revealed
significant placebo and nocebo effects (Fig. 2 left part; Table 1;
Table S1). Specifically, overall pain intensity was significantly lower in
the drug run than in the no-drug run in the placebo group (£(20) = 6.78,
gsdr < 0.001, Cohen’s d = 1.69), while it was significantly higher in the
drug run than in the no-drug run in the nocebo group (£(20) = —3.61, g¢4r
= 0.008, Cohen’s d = —0.83). In contrast, overall unpleasantness was
neither significantly modulated by the main effects of ‘group’ (F(1,40) =
1.29, p = 0.262) or ‘treatment’ (F(1,40) = 3.27, p = 0.078), nor by their
interaction (F(1,40) = 2.38, p = 0.131).

Mean VAS scores were not significantly modulated by the main ef-
fects of ‘group’ (F(1,40) = 0.84, p = 0.365) or ‘treatment’ (F(1,40) =
3.20, p = 0.081), but were significantly modulated by their interaction
(F(1,40) = 31.03, p < 0.001, n2 = 0.44). Post-hoc paired-sample t-tests
also showed a significant difference in pain intensity between the no-
drug run and drug run in both placebo (4.13 + 1.17 vs. 2.81 + 1.07, t
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(20) = 5.75, p < 0.001, Cohen’s d = 1.14) and nocebo groups (3.45 +
1.17 vs. 4.13 £ 1.49, t(20) = —2.46, p = 0.023, Cohen’s d = —0.49). The
real-time VAS scores depicted in Fig. 2 (right part) showed the dynamic
changes in pain intensity difference over time. Point-by-point statistical
analyses showed that real-time VAS scores were not significantly
modulated by the main effects of ‘group’ or ‘treatment’ in most time
intervals, but were significantly modulated by their interaction in most
time intervals during tonic pain stimulation (Figure S1). Post-hoc
paired-sample t-tests suggested that the placebo effect was presented
throughout almost the entire tonic pain stimulation period, while the
nocebo effect was observed primarily in the early part of the stimulation
period (Fig. 2, right).

Significant interactions between the factors ‘group’ and ‘treatment’
were also observed in the sensory subscale of MPQ (F(1,40) = 12.36,p =
0.001, n2 = 0.24) and tension subscale of POMS (F(1,40) = 7.43,p =
0.009, n? = 0.16). A significant main effect of ‘treatment’ was observed
in the fatigue subscale of POMS (F(1,40) = 5.07, p = 0.03, r]2 =0.11).
Post-hoc Wilcoxon sign-rank tests revealed significant decreases in
negative affect from the no-drug run to the drug run in the placebo group
on D2, i.e., tension: z based on negative ranks = —2.95, g¢g; = 0.011; and
fatigue: z based on negative ranks = —2.35, gggr = 0.049. However, no
significant difference in affect was observed in the nocebo group on D2.

3.2. GLM results

Across all participants and both runs, positive correlations between
BOLD responses and real-time VAS scores were observed in a series of
brain regions, including the bilateral thalamus, bilateral insula, bilateral
caudate, bilateral supracallosal anterior cingulate cortex (ACC), bilat-
eral superior frontal gyrus (SFG), left orbital frontal cortex (OFC), right
precentral gyrus, right postcentral gyrus, right supplementary motor
area (SMA), right Rolandic operculum, right hippocampal gyrus, and
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Fig. 2. Behavioral results in placebo (A) and nocebo groups (B). The left two columns illustrate overall pain intensity and real-time pain intensity averaged across
time (i.e., VAS scores from 5 min to 20 min) on day 1 and day 2, respectively. The right column displays the time courses of real-time pain intensity on day 2, along
with the statistical results (significant t values are marked in gray, t < 1.96 or non-significant interaction effect was marked in white). VAS scores during the no-drug
run and drug run are depicted in blue and orange, respectively. VAS: Visual Analogue Scale, TR: repetition time = 2 s.
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Table 1
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Descriptive information (mean + standard deviation) and statistical results for behavioral data on Day 2.

Scale/Subscale Placebo Group (n = 21) Nocebo Group (n = 21)
no-drug drug t/z value Jrdr Cohen’s d no-drug drug t/z value Jfdr Cohen’s d

MPQ/Sensory 7.76 + 3.77 5.67 + 2.88 —-3.08 0.008 0.61 8.33 £ 3.97 9.86 + 5.56 -1.79 0.142
MPQ/Affective 1.86 & 1.46 1.29 + 1.61 -1.97 0.091 2.10 + 1.69 2.33 +2.03 —-0.74 0.537

MPQ/PPI 0.33 £ 0.56 0.05 £ 0.21 —2.12 0.073 0.33 £ 0.47 0.38 + 0.58 —0.38 0.745
PANAS/Positive 21.19 + 8.44 20.05 + 7.74 1.24 0.313 19.81 4+ 9.58 20.05 + 8.43 —0.38 0.745
PANAS/Negative 14.48 + 4.00 13.05 + 4.06 -3.29 0.007 0.35 15.33 + 5.09 15.14 + 4.72 —-0.03 0.979
POMS/Vigor 6.24 £ 5.74 5.71 £ 5.62 0.97 0.425 5.48 £+ 6.35 5.10 + 5.81 —0.51 0.668
POMS/Esteem 4.62 + 4.45 4.38 +£4.21 0.79 0.520 4.29 + 4.61 3.81 + 3.87 -0.74 0.537
POMS/Tension 3.86 + 3.14 2.62 + 3.09 -2.95 0.011 0.39 3.90 + 3.57 4.81 + 3.97 —-1.54 0.179
POMS/Anger 1.19 £+ 2.15 1.10 + 3.42 —0.87 0.468 1.33 £ 221 2.19 + 3.38 -1.76 0.132
POMS/Fatigue 5.10 + 3.64 3.62 + 3.58 —2.35 0.049 0.40 3.86 £ 4.11 3.43 +£3.32 0.65 0.584
POMS/Depression 1.76 + 1.92 1.38 + 3.09 —1.48 0.196 2.71 £+ 2.66 2.52 + 2.95 —-0.12 0.922
POMS/Confusion 2.57 +2.17 2.10 £ 2.16 -1.63 0.161 2.67 +2.49 3.10 + 2.65 -1.16 0.329

Overall Pain Intensity 5.29 + 1.04 3.50 £+ 1.02 6.78 < 0.001 1.69 4.37 £1.23 5.56 + 1.56 —-3.61 0.008 —0.83
Overall Unpleasantness 1.82 +1.51 1.17 £1.27 —-2.31 0.050 0.46 1.96 + 1.39 1.91 +£1.27 0.17 0.899

If the data were normally distributed, paired-sample t-tests were conducted and t values were provided; otherwise, Wilcoxon signed-rank tests were conducted and z
values were provided. FDR correction was applied to the p values. MPQ: the short form of McGill Pain Questionnaire, PANAS: Positive and Negative Affect Schedule,

POMS: short form of Profile of Mood States, PPI: Present Pain Intensity.

right pregenual ACC (Fig. 3 and Table 2). Conversely, negative corre-
lations with real-time VAS scores were observed in the left amygdala
extending into the hippocampal gyrus, and ventromedial prefrontal
cortex (vimPFC) extending into the subgenual ACC, and right putamen
(Table 2).

In the placebo group during the drug run, positive correlations with
real-time VAS scores were mainly observed in the middle frontal gyrus
(MFG) extending into the inferior frontal gyrus (IFG), while negative

correlations were observed in the vmPFC (Table S2). In the placebo
group during the no-drug run, negative correlations with real-time VAS
scores were mainly observed in the vmPFC extending into the subgenual
ACC and fusiform gyrus extending into the parahippocampal gyrus
(Table S2).

In the nocebo group during the drug run, positive correlations with
real-time VAS scores were mainly observed in the left caudate, right
insula, bilateral SFG, and right MFG/IFG extending into bilateral

precentral

Fig. 3. Brain regions correlated with real-time pain intensity. L: left, R: right, Amyg: amygdala, Rld: Rolandic operculum, supraACC: supracallosal anterior cingulate
cortex, Tha: thalamus, vimPFC: ventromedial prefrontal cortex, Cdt: caudate, INS: insula, precentral: precentral gyrus, SFG: superior frontal gyrus, OFC: orbital frontal

cortex, postcentral: postcentral gyrus.
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Table 2

Neurolmage 300 (2024) 120877

Brain regions showing positive or negative correlations with real-time pain intensity.

Cluster size Cluster p Hemisphere Brain regions t value Peak MNI coordinates
(FWE) X v 7
VAS (+)
63 < 0.001 B thalamus 7.17 6 -1 11
5.68 -9 -4 14
5.50 —6 -1 -1
94 < 0.001 L OFC 6.43 -33 44 -10
5.43 -33 35 -1
5.09 —42 50 -10
175 < 0.001 R Rolandic operculum extending into posterior insula 6.12 57 -7 11
6.11 36 -13 20
49 0.001 R posterior insula 6.02 42 2 -10
5.24 45 11 -13
19 0.032 R SMA 5.68 12 8 53
62 < 0.001 B supracallosal ACC 5.52 0 20 20
4.88 0 32 8
4.39 9 29 14
76 < 0.001 R precentral gyrus 5.47 36 -16 44
4.57 45 -7 41
26 0.013 R pregenual ACC 5.40 15 38 23
4.94 12 29 38
86 < 0.001 L insula 5.35 -30 14 2
4.91 -27 32 5
4.69 -27 26 11
19 0.032 R hippocampal gyrus 5.35 33 -37 —4
24 0.017 R insula 5.33 30 11 11
4.26 33 11 2
40 0.003 R SFG 5.23 15 44 41
4.61 12 35 47
23 0.019 L SFG 4.84 -15 35 44
4.66 -15 38 35
4.22 -9 32 50
57 < 0.001 R postcentral gyrus extending into precentral gyrus 4.71 27 -22 59
4.60 12 -37 62
95 < 0.001 R caudate 7.44 9 2 11
6.04 21 17 14
5.50 21 23 2
43 < 0.001 L caudate 5.73 -15 17 11
5.68 -9 —4 14
5.29 -9 11 11
VAS (-)
88 < 0.001 B vmPFC extending into subgenual ACC 8.12 9 32 -10
6.19 -9 26 -10
5.89 -3 32 -13
23 0.019 L amygdala extending into hippocampal gyrus 5.80 -33 -1 -19
4.42 -27 -10 -13
16 0.049 R putamen 5.63 15 17 -10
5.16 21 29 -13
4.35 27 23 -16

VAS (+): positive correlations with real-time VAS scores, VAS (-): negative correlations with real-time VAS scores. VAS: Visual Analogue Scale, OFC: orbital frontal
cortex, SMA: supplementary motor area, ACC: anterior cingulate cortex, SFG: superior frontal gyrus, vinPFC: ventromedial prefrontal cortex, L: left, R: right, B:

bilateral.

supracallosal ACC and right caudate (Table S2). Conversely, in the
nocebo group during the no-drug run, positive correlations were
observed in bilateral caudate extending into the thalamus (Table S2).

3.3. Multilevel mediation path analyses

Multilevel correlation and multilevel regression results were
demonstrated in Fig. 4 and Table 3. The right putamen exhibited a
negative correlation with real-time VAS scores in both the no-drug run
and drug run for both placebo and nocebo groups (gfgr < 0.05 for all
comparisons). It showed significantly greater activations in the drug run
compared to the no-drug run in the placebo group, while showing
significantly weaker activations in the drug run compared to the no-drug
run in the nocebo group. The right caudate exhibited a positive corre-
lation with real-time VAS scores in both the no-drug run and drug run for
the nocebo group (gfr < 0.05 for all comparisons). It showed signifi-
cantly greater activations in the drug run compared to the no-drug run in
the nocebo group. Further multilevel mediation path analysis showed a

significant partial mediation effect of the right putamen in the rela-
tionship between run type (no-drug run was coded as 0 and drug run was
coded as 1) and real-time VAS scores with saturated models in both
placebo and nocebo groups (Fig. 5; placebo group: p = —0.001, 95 % CI
= [-0.002, —0.001], p = 0.001, nocebo group: § = 0.001, 95 % CI =
[0.000, 0.002], p = 0.007). Furthermore, the right caudate also showed
a partial mediation effect in the relationship between run type and VAS
scores in the nocebo group (f = 0.001, 95 % CI = [0.001, 0.005], p =
0.011).

However, considering that the difference between the no-drug run
and drug run was not always significant throughout the entire tonic pain
stimulation phase (Fig. 2 bottom part), especially in the nocebo group,
concerns arise regarding stringent thresholding on the difference of
timeseries between the no-drug run and drug run, which could poten-
tially lead to false negative errors. Thus, additional multilevel mediation
path analyses were conducted, incorporating ROIs that showed signifi-
cant activation differences between the no-drug run and drug run (p <
0.05) without applying FDR correction. For the placebo group, all ROIs
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Fig. 4. Summarized multilevel correlation and multilevel regression results in the placebo (B) and nocebo groups (C), and an exemplary participant’s smoothed time
courses of VAS scores and BOLD responses (A). Multilevel correlations between ROI BOLD time courses and real-time VAS scores were performed separately in the
no-drug run and drug run, clustered within each participant. Multilevel regression analyses were performed to explore the differences between the no-drug run and
drug run, clustered within each participant. An exemplary participant from the placebo group is depicted, with the ROI being the right putamen (A). Please note that
the time courses of BOLD responses and VAS scores were smoothed by replacing each time point with the mean value of the ten preceding and ten subsequent time
points. The ROIs were the right putamen in the placebo group (B), the right caudate (C, left) and the right putamen in the nocebo group (C, right).

demonstrating negative correlations with real-time VAS scores, as well
as significant differences between no-drug and drug runs, were included
in the model, i.e., the left amygdala extending into the hippocampal
gyrus, right putamen, vmPFC extending into the subgenual ACC.
Multilevel SEM showed a good model fit (p = 0.463, x2/df = 0.899,
RMSEA < 0.001, SRMR = 0.002, CFI = 1.000, TLI = 1.000), and the
timeseries from these ROIs partially mediated the relationship between
run type and VAS scores (Fig. 6A; indirect effect: p = —0.003, 95 % CI =
[—0.005, —0.001], p < 0.001). For the nocebo group, all ROIs demon-
strating positive correlations with real-time VAS scores, as well as sig-
nificant differences between no-drug and drug runs, were included in
the model, i.e., the left SFG, left OFC, right pregenual ACC, and right
caudate. Multilevel SEM showed a good model fit (p = 0.412, y%/df =
0.956, RMSEA < 0.001, SRMR = 0.002, CFI = 1.000, TLI = 1.000), and
the timeseries from these ROIs partially mediated the relationship be-
tween run type and VAS scores (Fig. 6B; indirect effect: p = 0.003, 95 %

CI = [0.001, 0.004], p = 0.003). For the nocebo group, only the right
putamen, whose mediation result was presented in Fig. 5B, showed
positive correlations with real-time VAS scores, as well as significant
differences between no-drug and drug runs, after FDR correction.

4. Discussion

Using a tonic muscle pain induction procedure, we investigated the
neural mechanisms of placebo and nocebo effects in tonic pain. We
obtained three main findings. First, placebo analgesia was more pro-
nounced and lasted longer than nocebo hyperalgesia in our tonic pain
paradigm, although both effects were successfully induced. Second, real-
time pain ratings in this tonic pain paradigm were significantly corre-
lated with neural activities in a series of brain regions. Third, the pu-
tamen was involved in both placebo and nocebo effects, while the
caudate and other brain regions were differentially related to placebo
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Table 3
Results of multilevel correlation and multilevel regression analyses.

Neurolmage 300 (2024) 120877

Placebo Group

Nocebo Group

no-drug run drug run drug run vs. no-drug run no-drug run drug run drug run vs. no-drug run
r Gfar r Gfdr tvalue  Qar p value r Qrar r Jfdr t value Qrar p value
(L) caudate 0.02 0.035  0.02 0.040 —-0.08 0.937  0.937 0.02 0.103 0.05 < 0.001 2.56 0.066  0.010
(L) SFG 0.02 0.032  0.02 0.079 0.60 0.743  0.547 0.02 0.038 0.06 < 0.001 2.02 0.117  0.043
(L) insula 0.04 0.001 0.02 0.137 1.99 0.146 0.046 0.02 0.103 0.04 < 0.001 1.51 0.208 0.132
(L) OFC 0.04 0.000  0.03 0.012 0.95 0.544  0.343 0.05 < 0.001 0.08 < 0.001 2.39 0.070  0.017
(B) supracallosal ACC 0.03 0.015  0.01 0.267 2.43 0.096  0.015 0.04 0.001 0.06 < 0.001 0.96 0.376  0.337
(R) SMA 0.02 0.021 0.02 0.141 0.38 0.833  0.702 0.02 0.103 0.04 0.001 -1.07 0.362  0.286
(R) pregenual ACC 0.02 0.032  0.02 0.154 1.11 0.513  0.265 0.03 0.003 0.03 0.004 2.29 0.070  0.022
(R) SFG 0.03 0.020  0.03 0.005 —0.80 0.622  0.426 0.02 0.146 0.07 < 0.001 2.36 0.070  0.019
(R) postcentral gyrus 0.04 0.000  0.01 0.437 1.10 0.513  0.270 0.03 0.004 0.04 < 0.001 1.62 0.208  0.106
(R) insula 0.03 0.003 0.02 0.154 2.02 0.146 0.043 0.02 0.101 0.04 < 0.001 -1.36 0.236 0.174
(R) hippocampal gyrus 0.03 0.017  0.00 0.693 1.27 0.483  0.203 0.00 0.870 0.05 < 0.001 -1.02 0.365  0.308
(R) precentral gyrus 0.04 0.000  0.02 0.137 —0.11 0.937 0911 0.03 0.009 0.06 < 0.001 0.39 0.700  0.700
(R) posterior insula 0.02 0.032  0.02 0.102 1.02 0.528  0.306 0.04 < 0.001 0.06 < 0.001 —1.60 0.208  0.110
(R) Rolandic operculum  0.04 0.001 0.03 0.005 0.24 0.903  0.808 0.05 < 0.001 0.08 < 0.001 -1.51 0.208  0.131
(B) thalamus 0.03 0.002  0.02 0.079 0.50 0.784  0.619 0.02 0.043 0.04 < 0.001 1.46 0.210  0.144
(R) caudate 0.02 0.072  0.03 0.012 1.45 0.400  0.147 0.02 0.045 0.05 < 0.001 3.03 0.024  0.002
(L) amygdala —-0.03  0.002 —-0.03  0.006 2.02 0.146  0.043 -0.07 < 0.001 —-0.01 0.275 -1.92 0.132  0.055
(R) putamen —0.05  0.000 —0.04  0.001 3.85 0.002 < 0.001 —0.05 < 0.001 —0.04 < 0.001 —3.08 0.024  0.002
(B) vimPFC -0.06  0.000 —0.08 < 0.001 2.73 0.059  0.006 -0.08 < 0.001 -0.05 < 0.001 —0.66 0.539  0.511

The first four columns in the “Placebo Group” and “Nocebo Group” sections present multilevel correlation results between ROI timeseries and real-time VAS scores
during the no-drug run and drug run, respectively. The latter three columns display multilevel regression results, indicating the differences between the drug run and
no-drug run. ROIs showing significant correlations with real-time VAS scores during both no-drug run and drug run (gg: < 0.05), as well as significant differences
between drug run and no-drug run (p < 0.05), were color-coded: green for the placebo group, red for the nocebo group, and purple for both groups. SFG: superior
frontal gyrus, OFC: orbital frontal cortex, ACC: anterior cingulate cortex, vmPFC: ventromedial prefrontal cortex.

and nocebo effects. These findings confirm that the tonic muscle pain
paradigm can be used to investigate the mechanisms of placebo and
nocebo effects and indicate that placebo analgesia and nocebo hyper-
algesia may have more distinct than common neural bases.

We successfully induced both placebo analgesia and nocebo hyper-
algesia with tonic muscle pain stimuli. Interestingly, placebo had larger
and longer effects on pain than nocebo did in the present study. The
finding of larger placebo analgesia is in line with previous studies
showing that placebo analgesia has a greater magnitude than nocebo
hyperalgesia in both experimentally induced pain and chronic pain
(Petersen et al., 2014; Porporatti et al., 2019; Vase et al., 2016). We also
note that the placebo manipulation had larger effect on pain unpleas-
antness in Day 1 than the nocebo manipulation. This reduction of
negative emotion is one form of reward and could lead to reinforcement
learning (Flaten et al., 2011), which increases the magnitude of placebo
analgesia. On the other hand, the observation that placebo analgesia last
longer than placebo analgesia seems at odds with previous findings
showing that nocebo hyperalgesia is more resistant to extinction (Au
Yeung et al., 2014; Colagiuri and Quinn, 2018; Colagiuri et al., 2015;
Thomaidou et al., 2021). However, recent studies have demonstrated
that nocebo hyperalgesia can be extinguished (Maeda et al., 2018;
Meulders et al., 2015; Thomaidou et al., 2020), which agrees with our
finding that nocebo hyperalgesia diminishes over time. By contrast, once
established, placebo effects can also persist due to self-reinforcing ex-
pectations (Jepma et al., 2018), making it difficult to extinguish. In
addition, the duration of pain stimuli has been found to influence pla-
cebo effects, with longer pain stimuli amplifying placebo effects (Vase
et al., 2009). It is thus also possible that long-lasting pain stimuli, like
the one we used, further sustain placebo analgesia over a long period.

Directly correlating brain activations with real-time pain ratings, we
found that activities in a series of brain areas covaried with pain expe-
rience. Many of these areas, e.g., the S1, ACC, insula, and thalamus, are
consistently activated by various pain stimuli (Duerden and Albanese,
2013; Hu et al., 2015; Xu et al., 2020), and have been correlated with
pain perception in previous studies (Bornhovd et al., 2002; Buchel et al.,
2002; Coghill et al., 1999; Derbyshire et al., 1997; Wilcox et al., 2015;
Woo et al., 2017). However, our pain stimuli lasted for 15 min, much
longer than the typical durations of pain stimuli used in most relevant

studies, whose duration ranges from several milliseconds like laser heat
pain (Bornhovd et al., 2002; Buchel et al., 2002; Zhang et al., 2022) to
tens of seconds like contact heat pain (Horing et al., 2019; Wager et al.,
2013; Woo et al., 2017). The consistent findings between our study and
previous studies using short-lived stimuli thus highlight how transient
and tonic pain perceptions are similarly represented in the human brain.
However, there also seem to be distinctions between the perception of
tonic pain and transient pain, and commonalities between tonic pain
and chronic pain. Notably, the vmPFC, the ventral part of mPFC, was
correlated with real-time pain ratings, while some studies have not
found a significant correlation between neural activity in this region and
pain perception induced by transient pain stimuli (Baliki et al., 2006;
Coghill et al., 1999). Importantly, the mPFC has been shown to index
spontaneous pain in chronic back pain patients (Baliki et al., 2006).
Using multilevel mediation analysis, we identified both shared and
distinct neural underpinnings of placebo and nocebo effects. We found
that the putamen was involved in placebo analgesia and nocebo
hyperalgesia. This area exhibited greater activations in the drug run
than in the no-drug run in the placebo group, while showing weaker
activations in the drug run than in the no-drug run in the nocebo group.
Multilevel mediation analysis further demonstrated that the putamen
activity partially mediated both placebo and nocebo effects. This finding
is consistent with previous studies showing the putamen’s involvement
in placebo and nocebo effects (Freeman et al., 2015; Fu et al., 2021;
Kong et al., 2008; Scott et al., 2008). A study using similar tonic muscle
pain stimuli observed p-opioid and dopamine neurotransmission in the
putamen and found opposite opioid and dopamine responses associated
with placebo and nocebo effects (Scott et al., 2008). This shared neural
basis of placebo and nocebo effects could be related to their partly
shared psychological mechanisms. Associative learning like classical
conditioning contributes to both placebo analgesia and nocebo hyper-
algesia, and the putamen is implicated in the stimuli-outcome associa-
tion (Grahn et al., 2008; Haruno and Kawato, 2006; Seger and Cincotta,
2005). Previous studies have also shown that the putamen is involved in
pain perception (Li et al., 2014; Scott et al., 2006; Starr et al., 2011). The
conditioned learning procedure in our study thus could modulate pu-
tamen activity, which then affected pain ratings in both the placebo and
nocebo groups. Admittedly, associative learning also recruits areas other
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than the putamen. The present study has a relatively small sample size,
and thus may fail to detect mediation effects in other associative
learning-related areas. Indeed, the indirect effect mediated by the pu-
tamen only accounted for a very small part of analgesia. Future studies
may further examine the shared neural bases of placebo and nocebo
effects in tonic pain.

Apart from shared neural substrates, we also found distinct neural
bases for placebo and nocebo effects in pain, which resonate with pre-
vious meta-analysis showing that placebo analgesia and nocebo hyper-
algesia are underpinned by distinct neural networks (Fu et al., 2021). A
notable area we identified is the caudate. It showed significantly
different activations between the drug and no-drug runs only in the
nocebo group, which is in line with previous studies showing greater
caudate activation in response to nocebo (Tu et al., 2021b). Importantly,
the caudate further significantly mediated nocebo hyperalgesia, but not
placebo analgesia. This finding may be explained by the caudate’s role
in anxiety (Guehl et al., 2008; Radua et al., 2010). Anxiety and the
anxiety-related cholecystokininergic system have been repeatedly
shown to mediate nocebo analgesia (Benedetti et al., 1997, 2006), but
their roles in placebo analgesia are less clear (Skyt et al., 2020). These
partly differential psychological and neurochemical mechanisms of
nocebo and placebo effects in pain may be one of the reasons why the
caudate seemed to only mediate nocebo hyperalgesia. The distinct
neural mediators in our study could also be related to our finding that
placebo analgesia and nocebo hyperalgesia had different magnitudes
and durations, which suggests different underlying mechanisms. Future
studies can adopt other tonic pain stimuli to examine if the caudate plays
a greater role in nocebo effects than placebo effects. When adopting a
more lenient statistical threshold, we also found that the amygdala and
vmPFC mediated placebo analgesia, and that the SFG, OFC, and preACC
mediated nocebo hyperalgesia. These regions were correlated with
real-time pain ratings in the present study and have been reported in
previous studies about placebo and nocebo effects (Benedetti et al.,
2022; Fu et al., 2021; Zunhammer et al., 2021). While these findings
need to be replicated in future studies due to a lenient thresholding, they
indicate that placebo analgesia and nocebo hyperalgesia may have more
distinct than common neural bases.

Our findings have implications for the clinical application of placebo
analgesia and nocebo hyperalgesia in pain management. We found more
long-lasting and pronounced placebo analgesia than nocebo hyper-
algesia in our tonic pain paradigm, suggesting that more efforts should
be made to specifically reduce nocebo hyperalgesia while also maxi-
mizing placebo analgesia in clinical practice. We also identified brain
areas mediating placebo and nocebo effects in tonic pain, notably the
putamen and caudate. Modulating the activity of these areas may boost
placebo analgesia and dampen nocebo hyperalgesia, thus contributing
to improved pain treatment. Previous studies using transient pain par-
adigms have successfully modulated placebo and nocebo effects with
neuromodulation such as transcranial direct current stimulation (tDCS)
(Egorova et al., 2015; Tu et al., 2021b). Our study further suggests
targets for neuromodulation to harness placebo and nocebo effects in
tonic pain, which may be more effective in helping chronic pain patients
than targeting areas involved in placebo/nocebo effects in transient
pain.

There are several limitations in the present study. First, our sample
size was relatively small. Combined with the use of only one block for
drug and non-drug runs, the small sample size could have led to a low
signal-to-noise ratio of the neural responses, potentially leading to some
false negatives. Future studies can recruit more participants to replicate
and extend our findings, further elucidating the shared and distinct
neural mechanisms of placebo analgesia and nocebo hyperalgesia. Sec-
ond, we only used one type of tonic pain, namely tonic muscle pain.
While this stimulus resembles certain forms of clinical or chronic pain
like fibromyalgia in terms of subjective experience (Dunn et al., 2020),
other types of tonic pain like capsaicin-induced pain can be employed in
future studies to test whether our findings are generalizable across
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different types of tonic pain stimuli. Third, results from our multilevel
mediation analysis are correlational in nature (Bullock et al., 2010). The
mediating roles of the areas we found such as the caudate and putamen
need direct confirmation through neuromodulation studies (Li et al.,
2023). Last, we focused solely on the relationship between the activation
of single brain areas and placebo/nocebo effects. Future studies may
investigate how dynamic interaction between multiple regions con-
tributes to placebo/nocebo effects, since tonic pain has been shown to
affect dynamic connectivity (Lee et al., 2021, 2022; Wang et al., 2023).

5. Conclusions

In conclusion, our study demonstrates that placebo analgesia and
nocebo hyperalgesia can be effectively induced and measured using a
tonic muscle pain paradigm. Our findings reveal that placebo analgesia
is more pronounced and lasts longer than nocebo hyperalgesia, high-
lighting the differential impact of positive and negative expectations on
pain perception. Furthermore, we identified distinct neural mechanisms
underlying these effects, with the putamen playing a significant role in
both placebo and nocebo responses, while the caudate was specifically
implicated in nocebo hyperalgesia. These results suggest that placebo
and nocebo effects have more distinct than common neural bases,
providing valuable insights for future research and potential clinical
applications in pain management.
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