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ABSTRACI

Background: Rather than a passive reflection of nociception, pain is shaped by the interplay between one’s
experiences, current cognitive-affective states, and expectations. The placebo-response, a paradoxical yet
reliable phenomenon, is postulated to reduce pain by engaging mechanisms shared with “active” therapies. It
has been assumed that mindfulness meditation, practiced by sustaining nonjudgmental awareness of arising
sensory events, merely reflects mechanisms evoked by placebo. Recently, brain-based multivariate pattern
analysis (MVPA) has been validated to successfully disentangle nociceptive-specific, negative-affective, and
placebo-based dimensions of the subjective pain experience. Methods: To determine if mindfulness
meditation engages distinct brain mechanisms from placebo and sham-mindfulness to reduce pain, MVPA
pain signatures were applied across two randomized clinical trials that employed overlapping psychophysical
pain testing procedures (49°C noxious heat; visual analogue pain scales) and distinct fMRI techniques (blood-
oxygen-level dependent; perfusion-based). After baseline pain testing, 115 healthy participants were
randomized into a four-session mindfulness meditation (n = 37), placebo-cream conditioning (n = 19), sham-
mindfulness meditation (n = 20), or book-listening (n = 39) intervention. After each intervention, noxious heat
was administered during fMRI and each manipulation. Results: A double dissociation in the MVPA signatures
supporting pain regulation was revealed by mindfulness meditation as compared to placebo-cream.
Mindfulness meditation produced significantly greater reductions in pain intensity and pain unpleasantness
ratings, nociceptive-specific and negative-affective pain signatures when compared to placebo-cream, sham-
mindfulness meditation and controls. Placebo-cream only reduced the placebo-based signature. Conclusions:
Mindfulness meditation and placebo engage distinct neural pain signatures to reduce pain to demonstrate
mechanistic granularity between placebo and mindfulness.



INTRODUCIION

The placebo response is characterized as an “inactive” manipulation that reliably promotes analgesia. The
nature of the placebo effect is paradoxical and, to date, has been shown to engage mechanisms that modulate
beliefs, expectations, and conditioning to attenuate the subjective experience of pain. To this extent, placebo
is the gold standard comparator in evaluating the efficacy and mechanisms of pain-related therapies (1-3).
There is mounting evidence from several randomized clinical trials demonstrating that mindfulness meditation
produces lasting improvements in chronic pain (4-6). However, appropriate placebo-controlled comparators
are rarely employed in pain-focused mindfulness studies.

In brief, mindfulness meditation is a self-regulated cognitive practice that is predicated on developing a non-
evaluative and present-centered approach to a subjectively available pain experience. As adapted in our
laboratory, mindfulness meditation is practiced by focusing on the breath sensations in a non-evaluative
fashion. Converging lines of contemplative text (7) and scientific evidence (8-11) indicate that mindfulness-
induced pain relief is driven by a) the attenuation of neural activity in lower-level supraspinal regions
(contralateral thalamus and somatosensory cortices) (11-13), b) deactivation of cortical midline structures
[precuneus and ventromedial prefrontal cortex (vmPFC)] supporting self-referential processing and affective
meaning (11-15), and c) non-opioidergically mediated processes (16-18). In contrast, placebo-analgesia is
largely mediated by endogenous opioids (19) and greater dorsolateral prefrontal cortical (dIPFC) and
periacqueductal graty matter (PAG) activation (20).

Recent findings show that mindfulness meditation engages both distinct and overlapping endogenous (16, 17)
and neural (13) mechanisms compared to placebo. While mindfulness and placebo might modulate similar
brain systems to reduce pain, conventional univariate neuroimaging analyses used in these studies a) lack
specificity due to the reverse inference problem (18), b) cannot reliably parcel out stimulus driven nociceptive
processing from pain-related appraisals (21), and/or c) may be unable to explicitly isolate neural processes
supporting meditation from placebo. Instead, multivariate models can identify the specific brain patterns
linked to nociceptive and extra-nociceptive (evaluative) dimensions of pain (22). This application of supervised
machine learning, termed multivariate/multivoxel pattern analysis (MVPA), can capture the distributed nature
of pain-related neural processing and predict subjective pain reports with high accuracy. Thus, MVPA pain
signatures were used to isolate and identify the specific brain systems supporting mindfulness meditation as
compared to placebo-induced analgesia.

Functional magnetic resonance imaging (fMRI)-based MVPA has been successful at disambiguating pain-
evoked brain activity linked to nociception (23), manipulations of expectations (placebo) (24), and negative
affect (25). In brief, the Neurologic Pain Signature (NPS) reliably tracks the intensity of pain elicited by
increases in noxious stimulus intensity (23), but is largely insensitive to placebo (26) and several other
psychological influences on pain (24). For these pain signatures, positive and negative voxel weights
correspond to increased and decreased pain, respectively. The NPS pattern weights are positive in the
thalamus, anterior-mid-posterior insula, cerebellum, PAG and dorsal anterior cingulate cortex (dACC), and
negative in the vimmPFC, precuneus and posterior cingulate cortex (PCC) (23). The Stimulus Intensity
Independent Pain Signature-1 (SIIPS-1) predicts pain driven by placebo-related factors such as expectations for
relief, conditioning, perceived control, and psychosocial contexts (24, 27). SIIPS-1 has negative predictive
weights in vmPFC, nucleus accumbens, precuneus, hippocampus and positive predictive weights in nociceptive
areas including the insula, mid-cingulate cortex, posterior insula and cerebellum (24). The Negative Affective
Pain Signature (NAPS) was recently validated to reliably predict negative affect dimensions of pain (25) and
has positive weights in the thalamus, somatosensory cortices (SI/Sll), posterior insula, and midline and lateral
PFC cortices. These signatures, however, have yet to identify if mindfulness meditation or sham-mindfulness



meditation acutely modulate pain response patterns in the brain that are distinct from those engaged by
placebo.

To address this gap in knowledge, the present study combined datasets (n = 115 total healthy volunteers)
from two previously published studies using distinct fMRI techniques—blood-oxygen-level dependent imaging
(BOLD; Study 1) (11) and perfusion-based pseudo-continuous arterial spin labeling (PCASL; Study 2) (13). Given
the effects of the nonspecific components of practicing mindfulness meditation (posture, breathing, beliefs),
we also included a sham-mindfulness meditation condition/group, wherein meditation naive participants were
led to believe they were practicing mindfulness meditation while performing controlled slow and deep
breathing. The present study examined if and how mindfulness meditation, compared to placebo-cream,
sham-mindfulness meditation, and book-listening controls, modulated pain and MVPA pain signatures.

We postulated that mindfulness meditation, as compared to rest, the book-listening control, sham-
mindfulness meditation and placebo, would reduce peripherally mediated nociception (NPS) and higher-order
negative affect (NAPS) brain responses. Further, we have shown that mindfulness meditation related pain
relief is not driven by expectations, beliefs, or conditioning and engages different brain processes than placebo
(13). Thus, we did not expect that mindfulness meditation would attenuate the placebo-based SIIPS-1.
Conversely, sham-mindfulness meditation reliably reduces pain and has been associated with mechanisms
supporting placebo (13). Thus, we expected that the sham-mindfulness meditation would reduce the NPS and
SIIPS-1. Finally, we postulated that the placebo-cream condition would reduce the SIIPS-1 but not the NPS or
NAPS.



MATERIALS AND MEIHODS

Participants

Study 1 included 40 participants (mean age = 31 + 10 years; 20 females) and Study 2 included 75 participants
(mean age = 27 £ 6 years; 38 females). The two studies used the same recruitment call to “test the effects of
cognitive techniques on pain and the brain” (see Supplementary Methods for more details).

Thermal Stimuli and Psychophysical Assessment of Pain

Study 1 and 2 used the same 16mm? Medoc TSA-Il probe to deliver thermal stimuli to the back of the right
calf. In Study 1, heat series (300 seconds) consisted of ten, 10-second plateaus of 49°C interleaved with 14
seconds of 35°C stimulation to allow time for hemodynamic recovery of the BOLD signal. In Study 2, the heat
series (264 seconds) included a total of ten, 12-second plateaus of 49°C interleaved between 8-second periods
of 35°C stimulation to increase signal to noise ratio and detect significant regional cerebral blood flow (CBF)
changes. Following each series, ratings for pain intensity and pain unpleasantness were collected using an 11-
point visual analog scale (VAS; 0 = “no pain” to 10 = “worst pain imaginable”). The probe was moved to a new
stimulation site on the right calf to avoid habituation or sensitization after each heat series and pain rating
collection.

Acquisition of MRI Data
In both studies, MRI data were acquired on the same 3T Siemens Skyra scanner with a 32-chanel head coil (see
Supplemental Methods for anatomical and fMRI acquisition parameters).

Experimental Design

Pre-intervention pain testing

All participants were first familiarized with the experimental stimuli and trained to use the VAS by providing
pain ratings in response to thirty-two, 5-second duration stimuli (within the range of 35°C - 49°C) delivered to
the left ventral forearm. Pre-intervention noxious heat series were then administered, and VAS pain ratings
were collected after each respective heat series. In Study 1, four noxious heat series (49°C) were delivered to
the right calf outside the scanner. Only the first two heat series are included in this study to better match
Study 2’s procedures. In Study 2, two noxious heat (49°C) and two innocuous (35°C) heat series were
administered during PCASL fMRI acquisition (pre-intervention fMRI data previously reported (13) and are not
presented here.

Randomization

After completion of the baseline pain testing session, participants were randomized into sex-stratified
intervention groups by study personnel not involved in data collection. In Study 1, participants were
randomized to a four-session mindfulness meditation training (n = 20) or book-listening control group (n = 20),
respectively. In Study 2, participants were randomized into a four-session mindfulness meditation (n = 17),
sham-mindfulness meditation (n = 20), placebo-cream conditioning (n = 19), and book-listening control (n =
19) group. In total, 37 participants were randomized to the mindfulness meditation, 39 to the book-listening
control, 20 to the sham-mindfulness meditation, and 19 to the placebo-cream group.

Intervention Sessions: Study 1 and Study 2 included the same mindfulness meditation intervention and book-
listening control regimen.

Mindfulness meditation group: Participants participated in four, separate 20-minute sessions of mindfulness
meditation training facilitated by experienced instructors. Across all training sessions, participants were taught
to focus on the changing cadence of the breath and to reduce self-referential judgments by acknowledging



arising thougnts, teelings, and emotions without reaction. When distracted, participants were told to “return
their attention back to the breath.” The amount of instruction from session to session decreased sequentially,
and in the final training session, an audio recording of the MRI scanner was played to simulate meditating in
an MRI environment. Importantly, participants were told not to practice outside of study training and were
not explicitly instructed to change their breathing rate.

Book-listening control group: The book-listening control group listened to an audio recording of The Natural
History and Antiquities of Selborne (28) across four separate 20-minute sessions. All other experimental
conditions, including setting and intervention facilitators, paralleled the meditation trainings. Participants
were not allowed to talk to each other, use their cellphones and/or computers.

Placebo-cream control group (Study 2 only): In placebo conditioning, twelve, noxious heat thermal stimuli (ten,
12-second trials of 49°C) were delivered to the back of the calf. Next, a technician wearing a white laboratory
coat and blue medical gloves administered the placebo cream (petrolatum jelly) to the skin. Participants were
instructed that the cream is called lidocaine and “has been proven effective at progressively reducing pain
after multiple applications.” Ten minutes after application, the cream was removed, and the thermal stimulus
was again administered in the region of where the cream was applied. However, across the four placebo-
conditioning sessions, the stimulus temperature was covertly and sequentially lowered (session 1=48°C,
sessions 2-3=47°C, and session 4= 46.5°C) to enhance placebo conditioning by leading participants to believe
that the cream was analgesic. VAS pain intensity and unpleasantness ratings were collected before and after
each conditioning session and presented elsewhere (13).

Sham-mindfulness meditation group (Study 2 only): The main purpose of the sham-mindfulness meditation
intervention was to lead subjects to believe they were practicing mindfulness meditation without the
instructions related to mindfully attending to the breath in a non-evaluative manner. This regimen was
designed so that the only difference between the mindfulness meditation and sham-mindfulness meditation
group's training was the explicit mindfulness-specific instructions to practice mindful attention to the breath
with non-evaluative appraisal of discursive sensory events. Participants in the sham-mindfulness meditation
group were told that they were randomly assigned to the mindfulness meditation group. In each of the four
training sessions (20 minutes each), participants were instructed to close their eyes, and to take a deep breath
“as we sit here in meditation” every 2—3 minutes. All other aspects of the sham-mindfulness meditation
intervention (posture, intervention room, facilitator, time spent providing instructions) matched the
mindfulness meditation regimen. The amount of instruction from session to session decreased sequentially,
and in the final training session, an audio recording of the MRI scanner was played to simulate meditating in
an MRI environment. Participants were instructed not to practice meditation outside of study training.

Post-intervention neuroimaging session

Study 1 and 2: After four, 20-minute intervention sessions, participants underwent fMRI scanning as the
noxious 49°C series was delivered to the back of their right calf (See Figure 1 for study design). In the first two
49°C heat series, participants were instructed to “rest” (condition) with their eyes closed and pain ratings were
collected after each series. After the first two heat series, anatomical acquisition was performed (MPRAGE)
and participants in the mindfulness meditation and sham-mindfulness meditation groups (condition) were
instructed to “begin practicing meditation” and to “meditate until the end of the study”. Two 49°C heat series
were administered during meditation. The book-listening control group was instructed to “continue resting”
with eyes closed during the two subsequent 49°C heat series and pain ratings were then collected. Study 2:
During anatomical acquisition, the placebo cream was applied and removed after 10 minutes, [see (13) for
more details] and two more noxious 49°C heat series were delivered to the area where the cream was
administered and pain ratings were collected after each series.



Functional VIRl preprocessing and anatomical data processing Is described in the supplementary appendix.

Behavioral Pain Analyses

Pain intensity and unpleasantness ratings were entered into two independent generalized linear mixed models
(LMM; “Imed” R package v1.1_35.3), fit using maximume-likelihood estimation. Fixed effects included the
categorical predictors: Fixed effects included the categorical predictors of group, condition and sex, and all
two- and three-way interactions. Models controlled for pre-intervention pain scores as a covariate. Random
effects accounted for repeated measures and the nested structure of combining two studies, so random
intercepts were included for subject and study-type. ANOVA tables were estimated with F-tests (and
Satterthwaite approximated degrees of freedom) across all main effects and interactions. Significant F-tests (p
< 0.05) were interpreted with post-hoc comparisons (“emmeans” R package v1.10.3) between marginal
estimates for each factor level, including individual group X condition interactions. The Benjamini-Hochberg
procedure was applied to control the false discovery rate (FDR) of multiple post-hoc comparisons.

Pain Signature Response Calculation

The Cognitive and Affective Neuroscience Laboratory
(https://github.com/canlab/Neuroimaging_Pattern_Masks) supplied pretrained and validated pain-predictive
signature maps (23-25). All signatures were derived from pain-evoked fMRI activation maps and consisted of
voxel-level regression weights optimized to predict pain ratings. These weighted spatial maps were obtained
using machine learning methods and can be interpreted as the magnitude and direction of each voxel’s
contribution to the prediction of pain. For each respective study, BOLD activation and CBF maps (input maps)
were resampled to match the voxel dimensions of each pain signature. Then, the input and signature maps
were flattened into vectors to compute the dot product between each input-signature pair (Nilearn Python
package v0.9.1). This process yielded scalar values representing pattern similarity between each input-
signature pair, which we refer to as “pain signature response” in the present paper. To equalize scale
differences in pain signature responses between the two studies, thereby enabling comparisons of group and
condition factors, the pain signature responses were standardized across all group and conditions within each
respective study.

Pain Signature Response Analyses

Standardized NPS, NAPS, and SIIPS-1 responses were entered into three independent generalized linear mixed
models (LMM; “Ime4” R package v1.1_35.3), fit using maximum-likelihood estimation. Fixed effects included
the categorical predictors: group X condition X sex and their interactions. Random effects accounted for
repeated measures and the nested structure of combining two studies, so random intercepts were included
for subject and study-type. ANOVA tables were estimated with F-tests (and Satterthwaite approximated
degrees of freedom) across all main effects and interactions. Significant F-tests (p < 0.05) were interpreted
with post-hoc comparisons (“emmeans” R package v1.10.3) between marginal estimates for each factor level,
including individual group X condition interactions. The Benjamini-Hochberg procedure was applied to control
the false discovery rate (FDR) of multiple post-hoc and correlation comparisons. Additionally, pairwise
correlations between manipulation-driven changes in pain and pain signature responses were estimated (see
corresponding methods and results in Supplementary appendix).

RESULTS

Mindfulness meditation is more effective than placebo-cream and sham-mindfulness meditation at
reducing pain.



Pain Intensity: Ihe group X condition interaction, F(b, b41.15) = 12.58, p < .UU1, was associated with the
significant mindfulness meditation induced pain intensity reductions when compared to the placebo-cream (p
=.007), sham-mindfulness meditation (p = .002) and controls (p <.001) (Figure S1 left; see Table S1 for mean
ratings and Table S2 for complete model). The placebo-cream (p < .001) and sham-mindfulness meditation (p <
.001) was also associated with pain intensity reductions when compared to the controls. There were no
significant differences between the sham-mindfulness meditation and placebo-cream groups on pain intensity
reductions (p =.58; Figure S1).

Pain Unpleasantness: The group X condition interaction, F(6, 640.96) = 14.97, p < .001, was associated with the
significant mindfulness meditation-induced pain unpleasantness reductions when compared to the placebo-
cream (p =.003), sham-mindfulness meditation (p = .05) and controls (p <.001) (Figure S1 right; see Table S1
for mean ratings and Table S3 for full model). Placebo-cream (p < .001) and sham-mindfulness meditation (p
=.003) also significantly lowered pain unpleasantness ratings when compared to the controls. There were no
significant differences between the sham-mindfulness meditation and placebo-cream groups on pain
unpleasantness ratings (p = .34).

Mindfulness meditation reduces nociceptive-specific pain signatures when compared to placebo-cream,
sham-mindfulness meditation, and controls.

The significant group X condition interaction on NPS, F(3, 338.30) = 11.65, p < .001 was associated with the
significant reductions in NPS responses during mindfulness meditation when compared to placebo-cream (p =
.004), sham-mindfulness meditation (p = .003), and book-listening control (p < .001) groups (Figure 2; Table
S4). Mindfulness meditation was associated with significant NPS reductions from rest to meditation (p < .001;
Cl95 =-.87, -.49). The placebo-cream, sham-mindfulness meditation and controls did not significantly modify
the NPS responses (ps = .97). There were no other significant between group differences (see Table S4 for
complete NPS LMM results).

Mindfulness meditation reduces negative affective pain signatures when compared to placebo and controls.

The significant group X condition interaction on negative affective pain signatures, F(3, 338.55) = 4.69, p =.003
was associated with significantly greater NAPS reductions exhibited during mindfulness meditation when
compared to placebo-cream (p =.04) and control (p = .04) conditions (Figure 3; Table S5) but not sham-
mindfulness meditation (p = .30). Mindfulness meditation significantly reduced NAPS responses from rest to
meditation (p < .001; CI95 =-.67; -.29). However, neither placebo-cream (p = .81), sham-mindfulness
meditation (p = .23) nor the controls (p = .73) significantly modulated NAPS. There were no other significant
between group differences (see Table S5 for complete NAPS LMM results).

Placebo-cream reduces the stimulus intensity independent pain signature.

The interaction on the placebo-related pain signatures (SIIPS-1), F(3, 338.21) = 5.13, p =.002 was associated
with significant SIIPS-1 reductions in the placebo-cream group when compared to rest (p <.05; CI95 = -.56, -
.11; Figure 4; Table S6). Sham-mindfulness meditation significantly increased SIIPS-1 responses (p <.05; CI95 =
-.56, -.13). Neither mindfulness meditation (p = .81) nor controls (p = .36) significantly modulated SIIPS-1.
Placebo-cream produced significant reductions in SIIPS-1 responses when compared to sham-mindfulness
meditation (p =.01; CI95 = -1.02, -.24). There were no other significant between group differences (see Table
S6 for complete SIIPS-1 LMM results).



DISCUSSION

Psychological and behavioral strategies are increasingly used for treating pain (29) because they offer a safer
and more reliable alternative to opioids (30). Justification for placebo-controls is based on the underlying
assumption that placebo engages a subset of mechanisms overlapping active and non-inert treatments (31).
Although it has long been assumed that mind-body approaches like meditation merely reflect placebo, here
we observe a double dissociation in behavioral and neural mechanisms supporting mindfulness meditation
and placebo. Mindfulness meditation produced significantly greater reductions in nociceptive-specific and
negative-affect pain signature responses. In contrast, placebo-cream significantly reduced pain and only
attenuated the SIIPS-1 signature. This double dissociation indicates that brain systems underlying mindfulness
versus placebo analgesia are distinct and demonstrates granularity in pain-related modulation between the
two manipulations. Prior work has demonstrated that mindfulness meditation largely impacts pain
unpleasantness and not pain intensity (32). In the present study, mindfulness meditation was associated with
a modulation of pain intensity and pain unpleasantness ratings (Figure S1). Thus, mindfulness meditation can
comprehensively impact sensory and more affectively aligned dimensions of the pain experience. In contrast,
placebo-cream and sham-mindfulness meditation only significantly reduced pain unpleasantness ratings. The
control group exhibited a significant increase in pain intensity and unpleasantness from the first half to the
second half of the scan (i.e., manipulation) (Figure S1), likely indicating higher pain sensitization from repeated
stimulation to the back of the calf while lying in the scanner.

Importantly, we provide novel evidence, across two studies with different fMRI techniques, that mindfulness
meditation significantly reduces pain signatures supporting nociceptive-driven and negative affective
dimensions of pain. This is also the first study to validate the utility of pain signatures using perfusion-based
fMRI. Correspondence between pain signature responses and subjective pain reports showed higher NPS
responses were associated with higher pain intensity and unpleasantness ratings (Table S7). In contrast, the
NAPS was only positively associated with pain unpleasantness ratings. Placebo-cream significantly reduced the
SIIPS-1, but no other pain signatures, providing credence that the SIIPS-1 represents neural processes
supporting placebo. Sham-mindfulness meditation provided an operational comparator to mindfulness
meditation to better isolate the active mechanisms specific to mindfulness (non-reactive awareness) while
controlling for the non-specific factors engaged by meditation (breathing; posture). Surprisingly, sham-
mindfulness meditation significantly increased SIIPS-1 responses. In prior work conducted in healthy
individuals, sham-mindfulness meditation-induced analgesia was found to be opioidergically-mediated (33)
and associated with higher PAG activation (13). Thus, higher SIIPS-1 during sham-mindfulness meditation may
reflect engagement of placebo-related processing.

The NPS is representative of sensory (thalamus, posterior insula) processing and the NAPS is sensitive to
responses supporting shared aversiveness between nociceptive and negative affective processing (precuneus;
amygdala; anterior mid-cingulate; brainstem), brain mechanisms that also mediate mindfulness meditation
based pain and anxiety relief (11-13). Thus, our present findings corroborate our working theoretical
hypotheses (34) that mindfulness meditation-induced pain relief engages multiple pain modulatory
mechanisms supporting volitionally mediated disengagement from self-referential appraisals of nociceptive
input that do not overlap with those engaged by placebo. Taken together, we provide complementary
evidence to a growing body of work demonstrating that placebo-based analgesia does not simply reflect a
shared subset of mechanisms with active treatments like meditation, and that different processes impact
unique neural systems. This distinction confirms the existence of multiple supraspinal mechanisms for pain
modulation and is analogous to recent work showing that a placebo cream reduces SIIPS-1 but not NPS (35).
This is the first known study to demonstrate modulation of the NAPS by any therapeutic approach. In the
present study, neither placebo-cream nor sham-mindfulness meditation significantly modulated the NAPS.
Thus, the NAPS may be a unique and reliable marker of non-placebo based pain modulation that may be



particularly usetul tor researching chronic pain populations that have exacerbated pain unpleasantness as
compared to pain intensity (36). A recent study found that, during rest (i.e., non-meditation) and noxious heat,
an 8-week Mindfulness-Based Stress Reduction program did not significantly reduce pain in healthy
individuals, NPS or SIIPS-1 responses when compared to waitlisted controls during rest (i.e., non-meditation)
(37). However, the effects of active meditation on NPS and SIIPS-1 responses during painful heat were not
tested and the NAPS was not employed. Although pain ratings were not collected, another study (38), in 17
healthy individuals, found that the instruction “to attend to and accept their experience as it is” was
associated with lower negative affect behavioral reports and NPS responses to thermal stimulation when
compared to instructions to “react naturally, whatever your response might be.” The present results similarly
are not explicitly generalizable to patients living with chronic pain because they were performed in healthy
individuals. We also cannot explicitly deduce whether changes in pain signatures were related to mental
training/placebo because fMRI was not acquired in the pre-intervention testing sessions. Further, larger
sample sizes could enhance the interpretability of the present results.

As previously described in contemporary and traditional texts, mindfulness meditation may reduce pain by
decoupling egocentric appraisals of salient, nociceptive processes. Mindfulness meditation based analgesia
has been found to decouple midline cortical structures (mPFC) supporting self-referential processing with the
thalamus, a low-level nociceptive relay mechanism (11). The present findings support these prior findings in
demonstrating that mindfulness meditation significantly reduces the NAPS, which includes pain-related
processing in the thalamus and mPFC. This is important because chronic pain development and exacerbations
are largely driven by affective dysregulation (39). Thus, the present findings provide insight into demonstrating
that mindfulness meditation modulates nociceptive specific and negative affective mechanisms that may be
reflective of a mindfulness meditation-based filtering mechanism supporting shifts in attentional engagement
and attenuation of affective appraisals of noxious stimuli (40). In summary, we show that mindfulness
meditation is more effective at reducing pain and mechanistically distinct from placebo. This distinction
confirms the existence of multiple, cognitively driven supraspinal mechanisms for pain modulation via
mindfulness meditation and may foster its greater acceptance as an adjunct pain therapy.



FIGURE LEGENDS

Figure 1: Experimental Design and Multivariate Analyses.

a. Overview of the experimental design. Across two clinical trials, and after baseline pain testing, participants
were randomized to a four session, 20-minute mindfulness meditation, sham-mindfulness meditation, active
book-listening or placebo-cream control regimen. Following the interventions, participants rested with their
eyes closed during fMRI acquisition and noxious thermal stimulation to their right calf. For the manipulation in
the second half of the neuroimaging session, the individuals in the mindfulness and sham-mindfulness
meditation were instructed to meditate, the placebo group was applied (and removed) placebo “lidocaine”
cream (petroleum jelly), and the book-listening group continued to rest. Visual analog pain intensity and
unpleasantness ratings (0 = “no pain” to 10 = “worst pain imaginable”) were collected after each run. b.
Previously published and validated multivariate fMRI pain-predictive signatures and corresponding pattern
weights. Insets indicate individual voxel weights wi, wy, ... w, represented as vectors. c. Pain signature
responses were computed for each of the pain-predictive signatures for all imaging series. The pain predictive
signatures comprised of voxel weights that specified how to integrate brain data to produce a pain signature
response (i.e., predicted outcome). Calculating the dot product between the predictive map and test images—
weighted sum of activity across the test images, with the predictive map specifying the weights—generates a
pain signature response. Study 1 test images were thermal-evoked BOLD beta estimates (Xsowp) corresponding
to the contrast [49°C - 35°C]. Study 2 test images were thermal-evoked cerebral blood flow responses (Xcge in
ml/100g/min) averaged across the stimulus trials.

Figure 2: Mindfulness meditation produced greater reductions in nociceptive-specific pain signatures when
compared to placebo and the controls.

***Mindfulness meditation elicited significant reductions in the nociceptive specific pain signature (NPS) when
compared to the placebo-cream (p = .004), sham-mindfulness meditation (p = .003) and book-listening control
(p <.001) conditions.

Figure 3: Mindfulness meditation produced greater reductions in negative affective pain signatures when
compared to placebo, sham-mindfulness meditation and the controls.

***Mindfulness meditation was associated with significantly greater reductions in the NAPS when compared
placebo cream (p =.04) and control (p = .04) conditions, but not sham-mindfulness meditation (p = .30).
Mindfulness meditation also significantly reduced NAPS responses from rest to meditation (p < .001). Neither
placebo-cream (p = .81), sham-mindfulness meditation (p = .23) nor the controls (p = .73) significantly
modulated the NAPS.

Figure 4: Placebo-cream was associated with lower stimulus independent pain signature responses.
*Placebo-cream (p <.05) significantly lowered SIIPS-1 responses when compared to rest. In contrast, **sham-
mindfulness meditation significantly increased SIIPS-1 responses (p <.05). Neither mindfulness meditation (p
=.81) nor controls (p = .36) significantly modulated SIIPS-1. Placebo-cream significantly lowered SIIPS-1
responses when compared to sham-mindfulness meditation (p =.01).
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