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Objectives. Contextual factors can transform how we experience pain, particularly if
pain is associated with other positive outcomes. Here we test a novel meaning-based
intervention: Participants were given the opportunity to choose to receive pain on
behalf of their romantic partners, situating pain experience in a positive, prosocial
meaning context. We predicted that the ventromedial prefrontal cortex (vmPFC), a key
structure for pain regulation and generation of affective meaning, would mediate the
transformation of pain experience by this prosocial interpersonal context.

Methods. We studied fMRI activity and behavioral responses in 29 heterosexual
female participants during (1) a baseline pain challenge and (2) a task in which
participants decided to accept a self-selected number of additional pain trials in order
to reduce pain in their romantic partners ("Accept Partner-Pain" condition).

Results. Enduring extra pain for the benefit of the romantic partner reduced pain-
related unpleasantness (t=-2.54, p=.016) but not intensity, and increased positive
thoughts (t=3.60, p=.001) and pleasant feelings (t=5.39, p<.0005). Greater willingness
to accept one's partner pain predicted greater unpleasantness reductions (t=3.94,
p=.001) and increases in positive thoughts (r=.457, p=.013). The vmPFC showed
significant increases (q<.05 FDR-corrected) in activation during Accept-Partner-Pain,
especially for women with greater willingness to relieve their partner's pain (t=2.63,
p=.014). Reductions in brain regions processing pain and aversive emotion
significantly mediated reductions in pain unpleasantness (q<.05 FDR-corrected).

Conclusions. The vmPFC has a key role in transforming the meaning of pain, which is
associated with a cascade of positive psychological and brain effects, including
changes in affective meaning, value, and pain-specific neural circuits.
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Brain mechanisms of prosocial meaning of pain

Abstract

Objectives. Contextual factors can transform how we experience pain, particularly if pain is
associated with other positive outcomes. Here we test a novel meaning-based intervention:
Participants were given the opportunity to choose to receive pain on behalf of their romantic
partners, situating pain experience in a positive, prosocial meaning context. We predicted that
the ventromedial prefrontal cortex (vmPFC), a key structure for pain regulation and generation
of affective meaning, would mediate the transformation of pain experience by this prosocial
interpersonal context.

Methods. We studied fMRI activity and behavioral responses in 29 heterosexual female
participants during (1) a baseline pain challenge and (2) a task in which participants decided to
accept a self-selected number of additional pain trials in order to reduce pain in their romantic
partners (“Accept Partner-Pain” condition).

Results. Enduring extra pain for the benefit of the romantic partner reduced pain-related
unpleasantness (t=-2.54,p=.016) but not intensity, and increased positive thoughts
(t=3.60,p=.001) and pleasant feelings (t=5.39,p<.0005). Greater willingness to accept one’s
partner pain predicted greater unpleasantness reductions (t=3.94,p=.001) and increases in
positive thoughts (r=.457,p=.013). The vmPFC showed significant increases (g<.05 FDR-
corrected) in activation during Accept-Partner-Pain, especially for women with greater
willingness to relieve their partner’s pain (t=2.63, p=.014). Reductions in brain regions
processing pain and aversive emotion significantly mediated reductions in pain unpleasantness
(g<.05 FDR-corrected).

Conclusions. The vmPFC has a key role in transforming the meaning of pain, which is associated
with a cascade of positive psychological and brain effects, including changes in affective

meaning, value, and pain-specific neural circuits.

Key words: Meaning of pain, Prosocial, Empathy for pain, Romantic couples, fMRI, brain.



Brain mechanisms of prosocial meaning of pain

Introduction

Pain is a primary motivator and driver of learning. Pain is driven in part by nociceptive input
from the periphery to the brain, but it is also deeply imbued with and influenced by meaning—
the value and implications afforded by the situational context in which it occurs(1). Historically,
pain has been linked with both positive and negative social meanings. On the one hand, pain can
signal punishment for betrayal, transgression and wrongdoing. On the other hand, it has been
linked to purification, sacrifice, and affirmations of faith(2,3). The meaning we attribute to pain
may, in some cases, flip the emotional quality of the experience from unpleasant to
pleasant(4,5). A paradigmatic first-person example of this “pleasant pain” experience was
eloquently documented in Viktor Frankl’s book "Man's Search for Meaning"(6) when he
describes the joy and deep relief of being so sick and weak that he was allowed to refrain from

strenuous physical work in the freezing Auschwitz winter.

Pain is associated with strong negative meaning in multiple clinical conditions, including disease
progression and failures of medical interventions(7,8). Such negative meaning enhances
patients’ threat responses(9,10), increasing pain-related distress and potentially pain itself, both
in adults and children(3,11). Importantly, anxiety and chronic psychosocial stress early in life and
during adulthood have powerful pain amplifying effects(12—14). On the contrary, positively re-

interpreting clinical pain can reduce pain(11,15,16). A range of successful educational
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interventions aim at changing patients’ interpretation of pain(17) by emphasizing the notion
that it is a protective mechanism and, in many patients with chronic pain, no longer an indicator
of tissue damage(18-23). The same negative and positive effects of interpretation and meaning
of pain have been observed in healthy subjects during experimental manipulations(24-28). The
analgesic effects of associating pain with positive consequences are also commonly observed
during competitive sports and mountaineering challenges, in which pain endurance is associated
with reward and achievement, and with the joy and relief that comes with overcoming
obstacles(4,27,28). Finally, among other types of meaning, the desire to protect loved ones and
relieve their suffering is a primary goal that leads many individuals to willingly endure pain and
other hardships(29). Therefore, the way we interpret physical pain and primarily aversive
experiences can transform the way we experience them and the way we fear their
consequences, which could have relevant implications for the management of chronic stress and

adversity.

Importantly, the brain mechanisms underlying such changes in pain experience due to
attribution of positive meaning remain largely unknown. In addition, most investigations of pain
meaning and context involve manipulating implications for the self(5,30-32), but we don’t know
whether associating pain with prosocial meaning (positive consequences for others) may also
transform the experience and brain processing of pain. We reasoned that the positive meaning

associated with voluntarily taking on pain in place of a close other—here, participants’ romantic
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partners—might be a powerful way to attenuate pain and pain-related brain processes.
Alternatively, however, the "Accept-Partner-Pain" might instead increase pain and brain-evoked
pain responses, since participants may expect increased pain during this condition, which

predicts increased pain in previous studies (33—35).

Among brain areas, the ventromedial prefrontal cortex (vmPFC) may be particularly important
for meaning-based modulation of pain(36). It is strategically positioned to integrate information
from affective, sensory, self-related and social-cognitive brain networks(37-42). This multi-
system integration hub has been postulated to serve a fundamental role in conceptual
processing(43) and in generating affective meaning and flexible responses when there is critical
need for engaging conceptual representations about the situation and the self (reviewed in(36),
see also((36,44,45)). Also, the vmPFC is frequently engaged in assigning value to actions and
events when value is based on conceptual thought(46—49). VmPFC activity has been associated
with finding positive meaning in otherwise negative experiences(44). In the context of pain
processing, the vmPFC has been hypothesized to translate social information about pain into
self-relevant expectations and affective meaning(31), and activation in healthy individuals is
associated with reduced pain across multiple studies(50). For example, Leknes and
colleagues(4,28) showed that the vmPFC was activated during a “relative pain relief” condition
in which a medium-intensity painful stimulus was the best of two possible outcomes, compared

with a condition in which it was the worst of the two outcomes(4). This “relative pain relief”
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condition was associated with strong reductions in pain. Overlapping activation in vmPFC was

also observed during appetitive reward and pain relief(28).

Here we studied brain and behavioral responses in 29 heterosexual female participants during
an fMRI task in which they voluntarily decided to endure more or less additional pain to reduce
pain in their romantic partners (“Accept-Partner-Pain” condition). Unbeknownst to the
participants, they all received the same intensity and number of noxious stimuli in both the
“Baseline” control condition and the “Accept Partner-Pain” condition—the only difference was
in the social meaning associated with the painful stimuli. We hypothesized that (i) greater
voluntary willingness to endure extra pain to reduce one’s romantic partner’s pain would be
associated with increases in positive thoughts and feelings and reductions in pain intensity
and/or unpleasantness (ii) vmPFC activation would increase during the Accept-Partner-Pain
condition, in line with its role in representing affective meaning; and (iii) finally, in line with
expected pain unpleasantness reductions, we expected activation reductions in pain-processing
regions and in a multi-region neural signature that was developed to specifically track physical
pain(52). We expected these effects to be modulated by one’s willingness to endure extra pain
for the sake of their loved other. Confirmation of these hypotheses would indicate that pro-
socially transforming the meaning of pain would be not only beneficial for others but also for
those deciding to endure the extra suffering, both at the psychological and brain levels. This pro-

social transformation of pain could have a profound impact on promoting and educating in a
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culture of altruism and compassion, which would contribute to overall well-being in stressful or

aversive environments.

Materials and Methods

Participants

The study included 29 healthy women (mean age of 24.65 + 6.72 years) with no history
of psychiatric, neurological, or pain disorders and no current pain symptoms, who were
in a committed and monogamous romantic relationship for at least 3 months, as
described previously(53). All participants and their male partners gave written informed
consent that was approved by the institutional review board of the University of
Colorado Boulder and were paid for their participation. One additional participant was
not able to complete the fMRI session due to excessive delays in the procedure. The

timeframe of data collection for this study was October 2012 to June 2013.

Procedures
All participants and their partners first underwent a short pain calibration session to
assure normal pain sensitivity and familiarize them with the heat pain stimulation. This

procedure ensured that the stimulus we used (47°C, 11-second stimuli, 7.5-second
8
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plateau temperature) was within the tolerable, yet painful, range for all subjects. During
the main fMRI session, we assessed brain and behavioral responses during two
experimental conditions of interest (“Baseline” condition (a) and “Accept-Partner-Pain”
condition (b)), following an a-b-b-a run experimental design (Figure 1). During runs 1
and 4 (Baseline condition) participants were told they were to experience the first half
of the total amount of painful stimulations that the computer had assigned to them (no
explicit manipulation of affective meaning involved). Then, right before the onset of run
2, participants were asked to decide what amount (25% - 75%) of painful stimulations
they were willing to accept to additionally take to reduce pain in their romantic partner,
using a visual analogue scale. Experimenters and MRI technicians were blind to their
decision. Right after making this decision, the female participant was told that she was
going to experience the first half of the total number of painful thermal stimulations
that she had decided to endure instead of her partner and that those trials were directly
removed from her partner’s subsequent sequence of painful stimulations. Right before
run 3 the participant received the instruction that she was going to receive the second
half of those painful stimulations she had decided to endure instead of her romantic
partner (prosocial meaning manipulation for both runs 2 and 3). Then, right before run 4

(again Baseline condition), we reminded the female participants that they were about to
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receive the second half of the painful stimulations that the computer had assigned to
them. Figure 1 provides a complete representation of this task structure and the trial
timing. Unbeknownst to the participants, the study was designed such that both
conditions (Accept-Partner-Pain and Baseline) consisted of 8 heat pain trials each (479C,
11-second stimuli, 7.5-second plateau temperature); therefore, the number of painful
stimulations and the temperature was identical for both conditions and the only
difference relied on the different affective meaning of pain for each condition (neutral
or negative for the Baseline condition, whereas prosocially helping/positive for the
Accept-Partner-Pain condition). Heat painful stimulations were administered to the
volar surface of the participants’ left forearm using an MRI-compatible PATHWAY ATS
(Advance Thermal Stimulation) thermode with 16-mm diameter (Medoc Ltd., Ramat
Yishai, Israel). Importantly, the thermode was moved in a random manner to a different
(pre-marked) location in the volar forearm after each run. After each pain stimulus
(trial), participants rated, using a computerized visual analogue scale (VAS), pain
intensity (“how intense was the painful stimulus?”, ranging from 0, “not intense at all”
to 100, “the most intense imaginable”) and pain unpleasantness (“how unpleasant was

the painful stimulus?”, i.e., how much did the stimulus “bother” you?, from 0, “not at all

unpleasant” to 100, “the most unpleasant imaginable”). We conducted two multi-level

10
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general linear models (GLMs) in order to test for (i) condition effects (Accept-Partner-
Pain vs. Baseline), (ii) habituation/sensitization effects of run order and (iii)
habituation/sensitization effects of trial order, on ratings of pain intensity (GLM model
1) and ratings of pain unpleasantness across trials (GLM model 2) (see results section
and Supplementary Figure 1).

All of the 29 women believed that we were going to administer pain subsequently to
their romantic partners because they had already seen their romantic partners in pain

right before the start of this fMRI task during a pain empathy paradigm(53).

At the end of each run we collected run-level measures of positive thoughts (“How
positive were your thoughts?” from 0, “not positive at all” to 100, “the most positive
imaginable”?), pleasant feelings and unpleasant feelings (“how pleasant/unpleasant
were your feelings?” from 0, “no pleasant/unpleasant at all” to 100, “the most

pleasant/unpleasant imaginable”), using a computerized VAS.

Further, although we do not use these measures in the current study, we collected
measures of perceived closeness with the romantic partner, quality of the romantic
relationship and emotional empathic tendency as reported in our previous paper on a

separate experimental task of this study (c.f.,(53)).
11
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Statistical analysis

We used a within-subjects a-b-b-a design. Each condition consisted of 8 trials divided
into two runs per condition (4 trials each) (Figure 1). During condition “a” the participant
received pain without prosocial meaning; during condition “b” the participant believed
she was voluntarily taking extra pain to reduce pain in her romantic partner.

We performed trial-by-trial multi-level general linear model analyses to assess the
effects of condition (Baseline vs. Accept-Partner Pain) on pain ratings accounting for
potential habituation/sensitization across trials within run (tested on the same skin site)
and across runs (‘Run number, tested on different skin sites). Separate models were run
for trial-by-trial pain intensity and pain unpleasantness ratings, as these were the two

outcomes we tested. Supplementary Figure 1 illustrates the results.

Analyses of fMRI data

MRI acquisition and preprocessing. Functional brain activity was measured using a
Siemens TrioTim 3T scanner, covering the brain in 26 interleaved transversal slices
(3.4mm isomorphic voxels), with a T2* weighted EPI GRAPPA sequence (TR = 1.3s, TE =

25ms, flip angle = 50°, FOV = 220mm). SPM8 was used for preprocessing for functional

12
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images, using a standard pipeline of motion correction, slice-time correction, spatial
normalization to MNI space, and spatial smoothing of images using an 8mm FWHM
Gaussian kernel. For spatial normalization, T1 structural MPRAGE images (1mm
isomorphic voxels) were first coregistered to the mean functional image and then
normalized to the SPM template using unified segmentation. Preprocessed functional
images were resampled at a voxel size of 2x2x2mm. Regarding motion correction,
translation and rotation estimates (x, y, z) were less than 2 mm or 2°, respectively, for all

the participants.

First level single-subject fMRI analyses. We used a GLM analysis approach as
implemented in SPM8 software to estimate, for each subject, brain responses to pain
during (a) single trials for the Baseline and Accept-Partner Pain conditions to be used in
the whole-brain multilevel mediation model and (b) an average brain response to pain
and pain anticipation during the Baseline and Accept-Partner-Pain conditions to be used
to compute Neurologic Pain Signature (NPS(52)) pattern expression for each subject and

condition.

For both Baseline and Accept-Partner-Pain conditions, either single-trial pain regressors
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or a regressor modeling all pain trials for each condition were created, by convolving
each painful stimulation period with a canonical hemodynamic response function. The
model also included regressors modeling the anticipatory periods and the rating
periods. The remaining “rest” period served as an implicit baseline. Lastly, the model
included 24 motion regressors (3 translation and 3 rotation regressors, plus their first
and second derivatives). Parameter estimates were calculated at each voxel using the
general linear model. A high-pass filter was used to remove low-frequency signal
fluctuations (1/180 Hz). We calculated single-trial pain contrast images for each
participant, for the 8 Baseline and 8 Accept-Partner-Pain (vs. implicit baseline) trials. The
individual contrast images were carried forward to a whole-brain multilevel mediation
model computed using publicly available software

(https://github.com/canlab/MediationToolbox/blob/master/mediation toolbox/mediat

ion _brain.m).

Signature responses. For each female participant we computed a single scalar value
representing their expression of the NPS pattern for the Baseline and Accept-Partner-

Pain contrast images (as explained in detailed in previous articles, e.g., (Lopez-Sola M,

Koban L, Krishnan A, Wa...; Lopez-Sola et al. 2017).
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Multilevel Whole-Brain Mediation analyses. First level contrast images for the single-
trial pain period regressors for each subject were carried forward to a multilevel
mediation analysis model. To avoid that single-trial estimates could be driven by
movement artifacts or other sources of noise, trial estimates with variance inflation
factor of 5 or more were excluded from further analysis(54). We then tested
relationships between Condition (Accept-Partner-Pain vs. Baseline), single-trial pain-
evoked brain activation, and pain unpleasantness ratings across individual trials using
multilevel mediation analysis(35) (Figures 4 and 5 for illustration). Multilevel mediation
analysis identifies three steps in a potential mechanistic pathway underlying Accept-
Partner-Pain effects: (1) brain regions that show activity increases or decreases during
Accept-Partner-Pain (Path a), (2) brain regions that predict changes in pain
unpleasantness (Path b), when controlled for Path a, and (3) brain regions that formally
mediate the relationship between condition (Accept-Partner-Pain vs. Baseline) and
reductions in pain unpleasantness (Path a*b), thus significantly reducing the strength of
the direct Path c. Resulting activation maps were thresholded at g 0.05 FDR-corrected
within an extensive whole-brain gray-matter mask including 352,328 voxels

(corresponding to a voxel threshold of p=.001) and across mediation paths (35,54). To
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facilitate interpretation of the functional maps, adjacent voxels were displayed at

thresholds of p=.005 and p=.01 uncorrected.
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Results

Female participants experienced four runs of 47 degree-Celsius noxious heat trials: A
Baseline pain run, two Accept-Partner-Pain condition runs, and a final Baseline run
(Figure 1). Each run consisted of 4 trials. Before the Accept-Partner-Pain runs, we told
them that the more painful stimulations they decided to accept on behalf of their
romantic partner—from 25% of the total number of painful trials that had been
assigned to their partners to a maximum value of 75%--the more we would reduce the
number of painful stimulations that the partner would subsequently receive. The
experimenters were blind to the decision, which did not influence the actual amount of
pain the participants received (to avoid confounds with stimulus history). We compared
pain-related brain responses and self-reported experience during “Accept Partner-Pain”
vs. “Baseline” runs (Figure 1). Each female participant had previously been exposed to
the same pain herself and had also observed her romantic partner in pain through a
mirror system installed in the scanner during separate fMRI tasks reported elsewhere
(see (53)). All participants reported to have believed the veracity of these instructions

(i.e., that their partners were to be subsequently exposed to the remaining painful

trials).
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On average, women decided to take 61.75% of the painful stimulations that had been
assigned to their partner (range: 25%-75%), with thirteen out of the 29 women choosing
to take the maximum 75% of the partner’s pain trials. Importantly, women’s sensitivity
to pain during baseline did not explain the degree of pain acceptance, r=-.014, p=.943

for baseline pain intensity and r=-.133, p=.493 for baseline pain unpleasantness.

We performed trial-by-trial multi-level general linear model analyses to assess
the effects of condition (Baseline vs. Accept-Partner Pain) on pain ratings (intensity and
unpleasantness) accounting for potential habituation/sensitization across trials within
run (tested on the same skin site) and across runs (‘Run number, tested on different skin
sites). Separate models were run for trial-by-trial pain intensity and pain unpleasantness
ratings, as these were the two outcomes we tested. We found a significant effect of
condition on pain unpleasantness controlling for run position (in the overall sequence)
and within-run trial position (order): Accept-Partner-Pain (vs. Baseline) significantly
reduced pain-evoked unpleasantness (t = 2.57; p=.015; Supplementary Figure 1). Pain
intensity did not show a significant effect (t=1.16, p=.25) of Accept-Partner-Pain vs.

Baseline after controlling for run position and trial position. As expected from previous
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work (55), we found a significant within-run pain habituation effect, t = 7.12 p <.00005
for the intensity model, and t = 6.20, p<.00005 for the unpleasantness model. Women
who decided to take more additional pain to relieve their partners’ pain (by median
split, as nearly half the sample opted for the maximum amount) showed greater
unpleasantness reductions during the Accept-Partner-Pain condition (t=3.94, p=.001)
(Figure 2) than women who took less pain from their partners. The correlation between
the continuous variable representing the percentage of pain that the female participant
decided to take on and unpleasantness reductions was also statistically significant

(r=.390, p=.036, Figure 2 legend).

Compared to Baseline, the Accept-Partner-Pain condition also evoked significant
increases in positive thoughts (t=3.60, p=.001) and pleasant feelings (t=5.39, p<.0005),
indicating a shift in meaning-related thoughts and feelings. Those who accepted greater
amounts of partner pain showed greater increases in positive thoughts during Accept-
Partner-Pain vs. Baseline (r=.457, p=.013). Further, greater increases in positive
thoughts predicted greater increases in pleasant feelings (r=.518, p=.004) and greater

reductions in unpleasant feelings (r=.471, p=.010).
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In sum, the behavioral findings suggest that prosocially transforming the meaning of
pain evokes significant reductions in pain unpleasantness, and that more prosocial
women experienced larger reductions in pain unpleasantness and increased positive

cognitive and emotional responses during pain.

Neurologic Pain Sighature (NPS) during Baseline and Accept-Partner-Pain

We next investigated how the experimental conditions affected the response of the
NPS, a brain measure validated to sensitively and specifically respond to pain(52). As
shown in Figure 3A, NPS responses were selective for evoked pain periods (not pain
anticipation), but they were similar across both conditions, Baseline and Accept-Partner-
Pain (Figure 3A). Though there was no significant main effect of Accept-Partner-Pain vs.
Baseline, participants reporting above-median increases in positive thoughts showed
significant NPS reductions during Accept-Partner-Pain vs. Baseline (t=2.48, p=.01) and
such reductions were also significantly greater for those with above-median than for
those with below-median increases in positive thoughts (t=4.90, p=.00003). Indeed,
participants with below-median increases in positive thoughts showed significant NPS

increases during Accept-Partner-Pain vs. Baseline (t=-2.11, p=.04) (Figure 3B). This effect
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was also statistically significant when assessed using the continuous variable correlation
(see Figure 3B legend, r=.580, p=.001). Therefore, greater reductions in pain-specific
processing were predicted by greater engagement in positive thoughts, which were in
turn predicted by more prosocial pain-acceptance decisions. Conversely, engaging in
less positive thoughts and more unpleasant feelings may increase pain-specific

processing when taking extra pain to reduce it in another.

Brain mediators of pain unpleasantness reductions during Accept-Partner-Pain

To understand the brain pathways underlying the psychosocial modulation of pain, we
conducted a whole-brain multilevel mediation analysis in which we assessed the
potential brain regions mediating the effects of Condition on Pain Unpleasantness. In
this analysis, Condition (Accept Partner-Pain vs. Baseline) was the independent variable
(X), trial-by-trial pain-period activity served as a set of mediating variables (M), and Pain

Unpleasantness was the outcome (Y).

In agreement with our hypothesis, path a—testing activity changes during Accept

Partner-Pain vs. Baseline—showed a g < 0.05 FDR-corrected significant pain-evoked
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activation increase in the vmPFC during Accept Partner-Pain vs. Baseline (peak voxel: (x,
y, 2=10, 58, 2), z=7.58). Furthermore, greater prosocial pain acceptance predicted
greater increases in vmPFC activation (computed using the mask of significant voxels
around the peak voxel reported above) during Accept-Partner-Pain (t=2.63, p=.014;
Figure 4B). Other regions also showed significant FDR-corrected activation increases
during the Accept-Partner-Pain condition, including the right thalamus (peak voxel: (8, -
26, 8), z=9.04) and the cerebellum (peak voxel: (4, -42, -44), z = 8.86).

The Accept-Partner-Pain condition also produced FDR-corrected reductions in pain-
evoked activation (negative Path a) in the left anterior insula (aINS, peak voxel: (-36, 16,
6), z =-6.91) and the right orbitofrontal cortex (rOFC, peak voxel: (20, 30, -18), z = -9.54)
(see Figure 4A, blue).

Turning to the overall mediation analyses, which jointly test effects of Accept-Partner-
Pain on brain responses and trial-by-trial brain response correlations with pain
unpleasantness, we observed a significant path (a*b) effect consistent with activation
reductions in pain-processing regions including aINS/mid-insula (midINS) (peak voxels:
left insula, (-34, 10, 8), z = 11.62 and right insula, (38, 24, 4), z = 13.42), basal ganglia
(peak voxel: (-28, -4, 2), z = 12.70), primary somatosensory/motor contralateral to the

site of stimulation (peak voxel: (-48, -18, 48), z= 10.50), the anterior mid cingulate cortex
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(MCC, peak voxel: (-2, 28, 36), z = 15.67) extending to the pre-supplementary motor
area (pre-SMA), and the right lateral prefrontal cortex (peak voxel: (44, 34, 34), z =
16.93). These are shown in Figure 5. Therefore, brain activation reductions in these
regions (on a trial-by-trial level) during Accept-Partner-Pain significantly predicted
greater reductions in pain unpleasantness.

The map of FDR-corrected brain mediators also included other regions that are not
typically activated during painful stimulation per se, such as the bilateral orbitofrontal
cortex (OFC) (peak voxels: (24, 56, -10), z = 10.41 and (-28, 50, -12), z = 8.59), the
primary visual cortex (peak voxel: (4, -92, 2), z = 14.43), the left hippocampus (peak
voxel: (-36, -36, -4), z = 11.34) and inferior temporal cortices (peak voxel left: (-34, -4, -
40), z =9.62; peak voxel right: (32, 20, -34), z = 7.14). Separate individual differences
analyses showed that greater activation reductions in the entire mask of significant
brain mediators during Accept-Partner-Pain vs. Baseline correlated with greater NPS
reductions. The two regions showing significant activation reductions during Accept-
Partner-Pain, i.e., the right OFC and left aINS are part of the significant mediating
regions in path a*b. However, the vmPFC did not show a significant mediation effect in
this model, indicating that there was no direct effect from the vmPFC on the reduction

of pain unpleasantness during Accept-Partner-Pain.
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Figure 6 shows a summary of brain and behavioral effects associated with voluntarily
taking additional pain to relieve the romantic partner’s pain. First, greater willingness to
voluntarily accept extra pain for the benefit of the romantic partner (a decision that
takes place before any other measures are collected) predicts greater increases in
positive thoughts and greater reductions in unpleasant feelings as well as greater
activation increases in the vmPFC. Activity changes in vmPFC and lateral OFC—
associated with affective meaning, expectation, and punishment value, respectively,
among other psychological processes—correlate with pain-evoked activation reductions
in core pain-processing regions. These activation reductions correlated with greater
reductions in NPS expression, a brain marker sensitive and specific for pain(52), and
with greater reductions in pain unpleasantness. NPS reductions also correlated with
increases in pleasant feelings, which in turn correlated with increases in positive

thoughts.

In sum, the greater the willingness to take a loved one’s pain, the greater the
involvement of vmPFC conceptual meaning-related systems during the Accept-Partner-

Pain condition and the greater the engagement of positive thoughts and feelings. The
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vmPFC may contribute to reducing pain-evoked activation in core pain-processing
regions and NPS responses during the Accept-Partner-Pain condition, which are also
associated with reductions in pain unpleasantness and increases in positive thoughts

and pleasant feelings.
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Discussion

Prosocial decision-making has been associated with increases in happiness and
reductions in impact of stress from young children to adults (56—-61). Here, we observed
that voluntarily deciding to accept painful stimulation to prevent a close other from
experiencing pain is associated with increases in positive thoughts and pleasant feelings,
reductions in unpleasant feelings, reductions in the unpleasantness of evoked pain, and
reductions in pain-related brain responses in those who made the most prosocial
choices. Interpreting our pain as having positive consequences for our loved ones can
significantly reduce its aversive characteristics. These results expand on previous
findings, which have shown that associating pain with positive direct consequences to

oneself reduces pain reports and increases pain tolerance (11,26,27).

The vmPFC is thought to be central for generating affective meaning(36) and
maintaining representations of imagined or desired rewards for loved or similar others
(62—65). In line with these prior results, we observed increases in vmPFC activation
during voluntary pain-acceptance. Greater activation of the vmPFC was predicted by

greater willingness to take pain and was associated with greater increases in positive
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thoughts during the partner relief condition. Moreover, acting as a benefactor evoked
brain activation reductions inregions traditionally associated with processing of ‘pain
affect’ and pain unpleasantness in previous studies(66,67). Specifically, reductions in the
aMCC, aINS, and the lateral OFC (LOFC), were significant mediators of reductions in pain
unpleasantness. Activation reductions in these regions on average correlated with
reduced NPS responses (across subjects), a brain measure that specifically tracks pain in
multiple studies(52,53,68,69). Pain-evoked NPS responses were strongly reduced
specifically in women who reported more positive thoughts during the partner relief
condition. Since positive thoughts were predicted by generous choices, which in turn
correlated with greater benefactor well-being, it is likely that generosity (i.e., greater
prosocial decisions in this case) plays an important initial role in promoting the effects of

prosocial positive meaning of pain, possibly by inducing a “warm glow” experience(70).

The vmPFC findings in our study complement prior observations indicating an important
role for this region in (i) instantiating positive meaning and representation of positive
bias(44,71,72) (ii) representing vicarious rewards in similar others(62—65) contributing
to “extraordinary empathy”, altruistic motivation, generous choices and empathic

care(62,73-78), and, more broadly, (iii) promoting social emotions(79—-83) and
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cognitive-affective representations of the state of the self and others (84—-86)(87—90). In
this line, patients with lesions affecting the vmPFC are abnormally insensitive to guilt
and display significant empathy and theory of mind deficit(89,91,92) and less generous
behaviors(82,92—-95). Importantly, transcranial direct current stimulation (tDCS) of the
vmPFC increases trustworthiness and altruism, experimentally supporting a core role for
this region in promoting cooperative behavior(75). Our findings further resonate with a
larger body of work that suggests an important role of the vmPFC in the regulation of

pain and negative emotions(50,96—100).

In our study, the LOFC shows the opposite context-induced behavior as the vmPFC.
Specifically, the left LOFC shows significant reductions in pain-evoked activation during
the partner relief condition. Interestingly, lower activation of the LOFC at anatomical
locations similar to ours has been correlated with lower levels of punishment attributed
to a stimulus(101), though lateral OFC is associated with many other value-related
processes as well. Our observations may be interpreted in line with a potentially less
punishing value associated with painful stimulation when experiencing it for the benefit

of a loved one.
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Besides the engagement of medial prefrontal and orbitofrontal regions, it is worth
focusing on the effects of the prosocial meaning of pain manipulation in core pain
processing brain regions. We found activation reductions in affective/evaluative
components of the brain response to pain (aMCC, aINS), but not in regions more directly
involved in the processing of the sensory input, such as the parietal operculum (second
somatosensory cortex, Sll) or posterior insula. These brain findings are in agreement
with the observed reductions in pain-evoked unpleasantness without significant
modifications in perceived intensity(105), and with the overall null effect on NPS pain-
specific responses. Yet, a very robust interaction effect exists between NPS response
and change in positive thoughts during the partner relief condition. This suggests that
only those with a strong increase in positive thoughts show reduction in NPS pain-

specific responses.

Our study may support a role for the vmPFC in activating and maintaining neural
representations of the imagined positive consequences of our pains in loved others, and
integrating those with representations of self-related internal states, thereby altering
the narrative and meaning of such states (e.g. pain) and their subjective experience.

Future studies may further characterize the specific conceptual representation that may
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be engaged and maintained by the vmPFC, and inform about the specific psychosocial
computations distinctly taking place in vmPFC vs. OFC regions when flexibly changing
the meaning of pain in complex social situations. It would be important to establish the
relative contribution of personality, upbringing and social-cultural and stress-related
factors in predicting vmPFC engagement and its influence on prosocial behavior. Future
research may disentangle the effects of compassion meditation training, particularly at a
younger age, in increasing prosocial behavior and its overarching beneficial effects in
pain-related contexts. Training to increase prosocial behaviors in a pain-related context
may not only favor positive interaction dynamics in romantic couples, but may provide a
complementary therapeutic tool for chronic pain patients by engaging meaning, relative

value and pain-specific processing circuits.
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Figure Legends

Figure 1. Experimental design: graphic representation of run and trial structure. The
top panel represents the trial structure. The medium panel represents the structure of
the task at the run level. The fMRI task included four runs following an a-b-b-a
experimental design, in which condition “a” corresponds to the Baseline control
condition (the participant believes she is being exposed to the pain that the computer
assigned to her), and condition “b” corresponds to the “Accept-Partner-Pain” condition,
in which the participant believes she is voluntarily enduring additional pain to reduce
pain in her romantic partner (prosocial meaning condition). As the black arrow indicates,
right before the first “Accept-Partner-Pain” run the participant decides the percentage
of the total number of painful stimulations she is willing to voluntarily endure to
alleviate her romantic partner.

Figure 2. Behavioral pain-related effects of ”"Accept-Partner-Pain” vs. “Baseline”
conditions. Red violin plots in panels (A), (B), and (C) indicate responses during ”Accept-
Partner-Pain”, whereas blue violin plots correspond to “Baseline” control condition
measures. Each dot in the violin plot figures represents one subject. Lines connect
responses given by the same subjects. Black lines indicate subjects for whom responses
go in the hypothesized direction. Gray lines indicate responses going in the opposite
direction. For the analysis shown in panel (C), we also computed and report the
correlation effect between partner-pain acceptance decisions and pain unpleasantness
reductions during the Accept-Partner-Pain condition (r=.390, p=.036). Panels (D), (E),
and (F) correspond to significant correlations.

Figure 3. Neurologic pain signature (NPS) responses during Baseline (blue) and Accept-
Partner-Pain (red) conditions. The top panel represents the NPS positive (warm colors)
and negative (cold colors) voxel weights for reference. Red violin plots indicate NPS
responses during “Accept-Partner-Pain”, whereas blue violin plots correspond to
“Baseline” NPS measures. Top: The NPS pattern, displayed in neurological orientation
(right side of the axial image corresponds to right brain hemisphere. (A) NPS responses
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for Anticipation and Pain periods. Blue: baseline; red: Accept-Partner-Pain. (B) Pain-
evoked NPS responses for separate participant subgroups defined based on differences
in positive thoughts for [Accept-Partner-Pain — Baseline]. Blue: baseline; red: Accept-
Partner-Pain. Acceptance-related NPS reductions were found for individuals with high
increases in positive thoughts. Increases in positive thoughts (tested as a continuous
variable) were also correlated with reductions in NPS responses during pain (r =.580, p
=.001). ****: p<.0001; *: p < .05, two-tailed; ns: non-significant.

Figure 4. Whole-brain multilevel mediation: path (a) effects. Path (a): brain effects of
condition (Accept-Partner-Pain vs. Baseline) on brain activation. Brain image maps
display significant (g<.05 FDR corrected) brain activation reductions in the left anterior
insula and activation increases in the VMPFC, right thalamus and cerebellum during
Accept-Partner-Pain (vs. Baseline). The yellow bars represent the effect of high vs. low
voluntary partner-pain acceptance decisions (median split) on VMPFC pain-evoked
activation increases during Accept-Partner-Pain (vs. Baseline). Brain images are
displayed in neurological orientation (right side of the axial image corresponds to right
brain hemisphere).

Figure 5. Whole-brain multilevel mediation: mediating path (a*b) effects. Path (a*b):
significant (g<.05 FDR corrected) brain mediators of condition on pain unpleasantness,
i.e., greater brain activation reductions during Accept-Partner-Pain (vs. Baseline) in
these regions mediated greater pain unpleasantness reductions in the bilateral anterior
and mid insula, anterior mid cingulate cortex (aMCC), bilateral orbitofrontal cortex,
periaqueductal gray, right lateral prefrontal cortex, visual and cerebellar regions. Panel
(B) shows a significant correlation between greater average brain activation reductions
in these regions and reductions in pain-evoked NPS response during Accept-Partner-
Pain (vs. Baseline). Brain images are displayed in neurological orientation (right side of
the axial image corresponds to right brain hemisphere).

Figure 6. Summary illustration of the relationships between pain-evoked brain
responses and subjective experience during Accept-Partner-Pain (vs. Baseline)
conditions. Black double-headed arrows indicate significant correlations. Single-headed

41



Brain mechanisms of prosocial meaning of pain

arrows are used when there is one variable preceding another variable in time, e.g.,
“partner-relief voluntary decision” precedes positive thoughts and VMPFC activation. S
vmPFC (ventromedial prefrontal cortex, greater stimulus-evoked activation during
Accept-Partner-Pain) and rOFC (right orbitofrontal cortex, reduced pain-evoked
activation) changes were associated with reduced noxious stimulus-evoked activation
reductions in core pain-processing regions, such as aMCC (anterior mid cingulate
cortex)/preSMA (pre-supplementary motor area) (VMPFC: r=-.715 p<.0005 ; rOFC =
.364, p=.052) and insulae (left insula and VMPFC: r=-.520, p=.004; right insula and
VMPFC: r=-.494, p=.006 ; right insula and rOFC r=.654, p<.0005; left insula and rOFC
=.441, p=.017). ** indicate significant (q<.05 FDR corrected) mediation (path a*b)
results, summarized in figure 5.
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Supplementary Figure 1
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Supplementary Figure 1. Trial-by-trial ratings of intensity and unpleasantness for each
trial across the experiment runs. Red indicate Accept-Partner-Pain trials (on a rating
scale from 0 to 100), whereas blue indicate Baseline pain trials (also on a rating scale
from 0 to 100). We used general linear models including as outcome variables either
pain intensity or pain unpleasantness ratings for each trial. Predictors in each model
included: condition (Baseline vs. Accept-Partner-Pain), linear effect of run and linear
effect of trial within each run to test and control for habituation/sensitization effects
(Jepma et al., 2014). For both intensity and unpleasantness GLM models, we found a
significant linear effect of trial number within run indicating a strong pain habituation
within trials occurring at the same stimulation site (t = 7.12 p <.00005 for the intensity
model, and t = 6.20, p<.00005 for the unpleasantness model). On the other hand, we
found no significant linear effect of run for neither the intensity model nor the
unpleasantness model (p>.3). Last, we found a significant effect of condition indicating
that Accept-Partner-Pain significantly reduced pain unpleasantness (t=2.57, p=.015).
However, no significant effect of condition was found on pain intensity ratings (t=1.16,
p=.25).
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Article Summary

Brief Summary (50-75 words): 74 words

Participants that chose to receive pain on behalf of their romantic
partners situating pain experience in a positive, prosocial meaning
context, experienced analgesic effects. Transforming pain with
prosocial meaning reduced participants’ pain unpleasantness and
increased their positive thoughts and pleasant feelings during pain.
Positive effects were stronger in participants with greater willingness
to accept one’s partner pain and were associated with augmented
activity in ventromedial prefrontal cortex, a region involved in affective
meaning representations.



