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Social interactions such as the patient—clinician encounter can influence pain, but
the underlying dynamic interbrain processes are unclear. Here, we investigated the
dynamic brain processes supporting social modulation of pain by assessing simulta-
neous brain activity (fMRI hyperscanning) from chronic pain patients and clinicians
during video-based live interaction. Patients received painful and nonpainful pressure
stimuli either with a supportive clinician present (Dyadic) or in isolation (Solo). In half
of the dyads, clinicians performed a clinical consultation and intake with the patient
prior to hyperscanning (Clinical Interaction), which increased self-reported therapeutic
alliance. For the other half, patient—clinician hyperscanning was completed without
prior clinical interaction (No Interaction). Patients reported lower pain intensity in
the Dyadic, relative to the Solo, condition. In Clinical Interaction dyads relative to No
Interaction, patients evaluated their clinicians as better able to understand their pain,
and clinicians were more accurate when estimating patients’ pain levels. In Clinical
Interaction dyads, compared to No Interaction, patients showed stronger activation
of the dorsolateral and ventrolateral prefrontal cortex (dIPFC and vIPFC) and primary
(S1) and secondary (S2) somatosensory areas (Dyadic—Solo contrast), and clinicians
showed increased dynamic dIPFC concordance with patients’ S2 activity during pain.
Furthermore, the strength of S2-dIPFC concordance was positively correlated with
self-reported therapeutic alliance. These findings support that empathy and supportive
care can reduce pain intensity and shed light on the brain processes underpinning social
modulation of pain in patient—clinician interactions. Our findings further suggest that
clinicians’ dIPFC concordance with patients’ somatosensory processing during pain can
be boosted by increasing therapeutic alliance.

Pain | fMRI | hyperscanning | empathy | supportive care

During negative affective states, such as pain, the presence of a supportive other can be
pivotal (1-3). Recent meta-analyses have confirmed that the presence of a friend, romantic
partner, or even a supportive stranger can reduce pain intensity (4). The patient—clinician
interaction is a context in which pain may be particularly sensitive to psychosocial influ-
ences (5-7). Indeed, several studies have found that the social context of the patient—cli-
nician relationship can directly influence pain outcomes and other symptoms (8-11).

While the mechanisms supporting such effects are not well understood, a number of
neuroimaging studies have investigated brain processes supporting psychosocial pain mod-
ulation (2, 12—14) and vicarious/empathic experience of pain in another (15-19). Social
modulation of pain from the first-person perspective (the individual that experiences pain)
and vicarious/empathic pain-related processing from the second-person perspective (the
individual that interacts with the person in pain) are integrative parts of a dynamic social
interaction. Yet, these concepts have largely been studied separately using passive, nonin-
teractive designs and single individuals in isolation (20). It is increasingly acknowledged
that studies involving actual interaction, compared to noninteractive social observation,
are necessary to identify processes uniquely involved in social interactions (21). Here, we
extended this two-person approach to the clinical context to investigate how the patient—
clinician relationship can impact the pain experience for chronic pain patients.

We simultaneously recorded brain activity from interacting chronic pain patients (i.e.,
fibromyalgia) and clinicians under different social contexts using functional MRI (fMRI
hyperscanning). In our previous study using this technique, we found that during anticipation
of pain treatment, patient—clinician brain concordance in circuitry implicated in social mir-
roring and theory of mind was increased for dyads that had previously established a clinical
relationship (8). In the current study, we investigated how the presence of a clinician impacts
patients’ pain and underpinning brain processes. Furthermore, we investigated clinician brain
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Empathy and social support are
key factors influencing pain and
are central to the patient-clinician
interaction. Yet, our knowledge
about the underpinning
mechanisms is mostly based on
single-subject studies. We
recorded simultaneous brain
activity in chronic pain patients
and clinicians who interacted
while patients received evoked
pain. Patients received pain in
isolation or in presence of a
supportive clinician. In half of the
dyads patient-clinician pairs,
therapeutic alliance was boosted
through a prior clinical
interaction. Patients’ pain intensity
was reduced while interacting
with a clinician relative to being
alone. Prior clinical interaction
increased patients’ brain
activation in prefrontal/
somatosensory circuitry and
increased patient-clinician
concordance in brain activity. Our
findings suggest a two-brain
mechanism underpinning pain
empathy and supportive care.
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Fig. 1.

Study overview and protocol. (A) After an initial behavioral visit, chronic pain patients and clinicians participated in two separate hyperscanning sessions,

in a counterbalanced order, in which they interacted with two different “partners.” For Clinical Interaction dyads, clinicians performed a clinical intake with the
patient, on a separate day before the hyperscan, in order to establish a social relationship and a level of therapeutic alliance. In the “No Interaction” control
condition, there was no intake, and the patient and clinician were only briefly introduced on the day of the scan. (B) At each of the 2 fMRI visits, patients received
a series of nonpainful and moderately painful (individually calibrated) leg pressure stimuli over two separate fMRI scan runs. For each scan run, the patient
experienced the same pressure pain paradigm in isolation (Solo), or with their clinician partner present, via real-time, dynamic video connection (Dyadic), in a
counterbalanced order. During the Dyadic scan run, both patients and clinicians were scanned simultaneously to assess dynamic concordance in brain activity,
while in the Solo run, patients completed a similar experimental procedure without any social interaction, but with a still image of the clinician presented in
place of the video stream, to control for sensory-discriminative aspects of the visual stimulation. During each of the fMRI scan runs, participants were shown a
visual anticipation cue (red or green frame around the face) followed by Moderately painful (following the red cue) or Nonpainful (following the green cue) cuff
pressure applied to the patients left leg, in a pseudorandomized sequence. After each pressure stimulus, patients rated pain intensity (“How painful was the

cuff?”

) and clinician empathy (“How well did the clinician understand your pain?”), while clinicians rated vicarious pain (“How painful was it for the patient?”) and

empathy (“How well did you understand the patient’s pain?”). Ratings were completed using a visual analog scale.

concordance with patients’ somatosensory processing during evoked
pain. Chronic pain patients received evoked pressure pain under two
conditions: 1) in the presence of a clinician with whom they could
interact via a live video-link (Dyadic) and 2) in isolation, without
the presence of a clinician, yet otherwise perceptually matched on
pain and static visual stimuli (Solo) (Fig. 1). We further compared
patient—clinician dyads who had previously established a clinical
relationship as part of a clinical consultation and intake prior to the
hyperscanning session (Clinical Interaction), relative to dyads who
had not previously interacted (No Interaction). We hypothesized
that the presence of a clinician would decrease patients’ evoked pain
intensity, compared to when patients received pain in isolation.
Furthermore, we predicted that improving the therapeutic alliance
through the relationship-building clinical intake would improve
clinicians’ empathy for, and understanding of, patients” pain, which
in turn would contribute directly to pain relief for the patient. We
hypothesized that these psychosocial effects would be underpinned
by changes in the patients’ brain processes during pain when socially
interacting with a clinician relative to receiving pain in isolation.
Finally, we investigated whether a prior clinical interaction modu-
lated brain-to-brain concordance between patients and clinicians.

20f 10 https://doi.org/10.1073/pnas.2212910120

Results

Pain Intensity. A repeated measures ANOVA indicated that
patients’ ratings of pressure pain intensity were reduced during
the presence of a clinician (Dyadic, M = 29.43, SD = 17.69),
compared to when receiving pain in isolation (Solo M =34.27,
SD =19.81), F(1,181) = 9.26, P = 0.003, 17P = 0.05 (Fig. 2).
Contrary to our hypothesis, there was no significant difference
1n pam intensity between Clinical Interaction dyads (M = 34.07,

= 19.11), in which the dyad had performed an intake
prlor to the hyperscan, relative to No Interactlon dyads
(M =29.04, SD = 18.33), F(1,181) = 2.44, P=0.12, i’[P =0.01.

Empathy for Pain. A repeated measures ANOVA indicated that
clinicians’ empathy for patients’ pain, as reported by the patient
(“How well did the clinician understand your pain?”, Visual
Analog Scale, VAS, 0 to 100), was greater for Clinical Interaction
(M =54.33, SD = 26.55) relative to No Interaction M = 49.29,
SD = 26.45), F(1,181) = 5.64, P = 0.019, 71 = 0.03 (Fig. 3 4,
Left). Furthermore, pain empathy scores correfated positively with
therapeutic alliance [CARE questionnaire (22)], such that in dyads
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Fig. 2. Patients rated leg cuff pressure as less painful while interacting with
their clinician (Dyadic) compared to experiencing pain in isolation (Solo), as
indicated by a repeated measures ANOVA. ***P < 0.005

with higher therapeutic alliance, patients thought the clinician
better understood their pain (»= 0.42, P< 0.01) (Fig. 3 A, Righ).

Agreement between Patients’ Pain and Clinicians’ Vicarious Pain.
In order to investigate clinicians’ accuracy in estimating patients
level of pain, we calculated the overall agreement between patients’
pain intensity and clinicians’ vicarious pain ratings for each dyad
(i.e., the absolute difference between the clinician’s mean vicarious
pain and the patient’s mean pain intensity was subtracted from 100,
such that 100 = perfect agreement, 0 = the least possible agreement;
see Methods for details). A two-way mixed ANOVA showed a main
effect of “Clinical context” [F(1, 34) = 5.254, P=0.028,n,” = 0.13],
indicating that agreement between patients’ pain and clinicians
vicarious pain was greater for Clinical Interaction (M = 86.98, SD =
10.09) relative to No Interaction (M = 76.15, SD = 17.47), (Fig. 3 B,
Lef?). There was no significant effect of “Order” [F(1, 34) = 0.003,
P=0.954, npz <0.01]. Furthermore, Pain | Vicarious pain agreement
correlated positively with therapeutic alliance (» = 0.41, P = 0.01)
(Fig. 3 B, Right).

Patients’ Brain Response to Leg Pressure Pain. In order to
investigate the influence of clinician presence on patients’ brain
processing of evoked pain, we compared patients’ BOLD fMRI
responses to evoked leg pressure pain while interacting with a
clinician (Dyadic), relative to receiving pain in isolation (Solo).
In the Dyadic condition relative to Solo, patients in the Clinical
Interaction condition showed increased pain-evoked brain
responses in left dorsoposterior (dpIns) and mid/anterior (m/alns)
insula (ipsilateral to the leg pressure stimuli), bilateral primary
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(S1) and secondary (S2) somatosensory areas, and bilateral
dorsolateral (dIPFC) and ventrolateral (VIPFC) Prefrontal cortices
(Fig. 44). There were no significant activations in the opposite
direction (Solo—Dyadic). Moreover, patients in the No Interaction
condition did not show significant differences between Dyadic
and Solo (Fig. 4B). Next, we directly compared the Dyadic—
Solo contrast for Clinical Interaction relative to No Interaction
dyads, to evaluate whether prior clinical relationship significantly
influenced these brain processes. For Clinical Interaction relative to
No Interaction (Dyadic—Solo contrast), patients showed increased
fMRI response in vIPFC, S1, S2/dplns, and dIPFC (Fig. 4C).
Moreover, Z-statistical estimates extracted from each patient’s
dIPFC cluster showed a positive correlation with therapeutic
alliance (7= 0.40, = 0.01), such that those with higher increase
in dIPFC response during the Dyadic relative to Solo condition
reported higher therapeutic alliance with their clinician (Fig. 4 D,
Right).

Brain-to-Brain Concordance. In order to investigate clinicians’
brain activity concordance with patients’ pain processing circuitry,
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Fig. 3. Ratings of pain empathy and agreement between patients’ pain
and clinicians’ vicarious pain. (A) The clinicians’ ability to understand
patients’ pain, as rated by the patient, was significantly higher for Clinical
Interaction dyads, compared to No Interaction dyads (Left). Clinicians' ability
to understand patients’ pain was also rated as higher for dyads characterized
by higher therapeutic alliance (Right). (B) Correspondingly, patient-clinician
agreement in their respective ratings of pain and vicarious pain (100 = perfect
agreement, 0 = the least possible agreement, operationalized as the absolute
difference between the clinician’s mean vicarious pain vs. the patient's mean
pain intensity, subtracted from 100 (i.e., 100 = perfect agreement, 0 = the
least possible agreement) was higher for Clinical Interaction relative to No
Interaction dyads (Left). Moreover, Pain | Vicarious pain agreement also
correlated positively with therapeutic alliance (Right). CARE = Consultation
and Relational Empathy questionnaire. *P < 0.05; **P < 0.01
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Fig. 4. Patients' brain response to pressure pain was modulated by the social interaction between patient and clinician. (A) Patients who were part of Clinical
Interaction dyads showed increased activation in bilateral dorsoposterior (dpIns) and left mid-anterior (m/alns) insula, the bilateral primary (51) and secondary
somatosensory areas (S2), and the right ventrolateral (vIPFC) and bilateral dorsolateral prefrontal cortex (dIPFC) during the Dyadic relative to the Solo condition.
There were no significant differences between Dyadic and Solo for No Interaction dyads (B). (C) When comparing Clinical Interaction and No Interaction dyads
directly, there was increased BOLD fMRI response in VIPFC, S1, S2/dplIns, and dIPFC for Clinical Interaction, relative to No Interaction, and no significant differences
for the opposite contrast. (D) Extracted mean Zstat values from S2/dpins and dIPFC illustrate the directionality of this effect. Specifically, patients who showed
stronger increases in dIPFC activation for Dyadic relative to Solo also reported that their clinician understood their pain better. *P < 0.05.

we first extracted patients’ fMRI response from a binarized mask
of the contralateral S2. This region of interest was identified as
the most prominent cluster in the Moderate pressure pain Vs.
Nonpainful pressure contrast calculated from an independent
fMRI scan run, without social interaction (Solo) (87 Appendix,

40f 10 https://doi.org/10.1073/pnas.2212910120

Fig. S1). Next, for each hyperscan dyad, we used the patient’s
S2 time-series as a regressor of interest in the clinician’s brain
first-level general linear model and calculated the interaction
term between this regressor and experimental blocks (i.c.,
anticipation cues, Moderate pain, No pain, rating periods) as
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an estimate of the clinician’s concordance with the patient’s S2
activity during specific events (see Methods for further details). For
Clinical Interaction relative to No Interaction dyads, clinicians
showed increased dIPFC concordance with patients’ S2 activity
during pain (Fig. 5). Furthermore, the magnitude of S2-dIPFC
concordance was positively correlated with therapeutic alliance

(r=0.57,P<0.001).

Discussion

Although the potential of the patient—clinician interaction to
influence pain outcomes is widely acknowledged, the brain-
behavioral mechanisms driving such effects are not well under-
stood. Our study applied a fMRI hyperscanning approach to
investigate the brain-to-brain processes by which social interaction
with a clinician can impact chronic pain patients’ nociceptive
processing. Overall, patients’ evoked pain ratings were reduced
while interacting with a clinician (Dyadic condition) relative to
receiving pain in isolation (Solo condition). Moreover, in the
Dyadic relative to Solo condition, patients showed increased fMRI
response to evoked pressure pain in multiple nociceptive and pain
modulatory brain regions, including the dorsoposterior insula
(dplns), primary (S1) and secondary (S2) somatosensory cortices,
and ventrolateral (vIPFC) and dorsolateral (dIPFC) prefrontal
cortices. This effect was more pronounced for Clinical Interaction
dyads, in which therapeutic alliance was increased through prior
interaction during a clinical intake compared to No Interaction
control dyads. Importantly, our hyperscan fMRI analysis found
that clinicians showed increased dIPFC concordance with patients’
brain activity in contralateral S2, the region identified in patients
as most responsive to experimental pain in a separate Solo fMRI
scan run. Our results suggest a brain-to-brain neural mechanism
supporting social modulation of pain inherent to the patient—cli-
nician interaction.

Our finding that patients reported less evoked pain intensity to
identical pressure stimuli in the Dyadic relative to the Solo condi-
tion is consistent with multiple prior studies, which have found
that the presence of another (supportive) individual can provide
analgesic influence (24, 23, 24). However, this literature is meth-
odologically heterogeneous, with many variables influencing the

effect, such as the social relationship with the partner (e.g., clinician,
romantic partner, friend, or stranger), the social context (e.g., pain
treatment, a painful clinical intervention, or the impact of social
interaction on ongoing pain), and the pain modality (experimental
or clinical pain) (25-29). Of particular interest in the context of
the present study is whether the patient—clinician interaction has
a unique or qualitatively different effect on symptoms such as pain,
compared to nonclinical supportive relationships. A recent
meta-analysis investigated the influence of social support on exper-
imental pain outcomes in nonclinical contexts, e.g., in the presence
of a friend, romantic partner, or stranger. This synthesis did not
find an overall effect of the presence of another person on pain
outcomes such as pain intensity, unpleasantness, and tolerance (4).
However, social support did have an overall small-to-moderate
effect of decreasing pain-related physiological arousal. In contrast
to most other kinds of (supportive) relationships, the patient—cli-
nician relationship is characterized by relatively well-defined roles
in which the patient seeks help while the clinician attempts to
provide relief or treatment. Thus, the clinician’s behavior and
expressions may be particularly potent signals conveying safety or
hope to the patient, which may translate to symptom reduction (5,
30, 31), or down-regulated nociceptive processing (2, 8, 14).
Indeed, a recent meta-analysis of clinical studies found significant
small-to-moderate effects of boosting clinician empathy and facil-
itating positive patient—clinician communication on a range of
patient outcomes (10). Another meta-analysis found that clinical
communication training for clinicians had a moderate beneficial
effect on patient outcomes (32).

Although patients in Clinical Interaction dyads, relative to No
Interaction dyads, reported feeling better understood by the cli-
nician and rated higher therapeutic alliance, we did not find a
difference in evoked pain ratings between these two conditions.
Importantly, we did not systematically manipulate the clinicians’
behavior during patient interaction in our study. Instead, clini-
cians were instructed to perform their prescan clinical intake and
evaluation in a naturalistic manner, “as closely as possible to a
real intake session”. It is possible that active boosting of the rela-
tionship with respect to, for example, warmth/empathy (9, 33)
or clinician competence (34, 35), may lead to further reduction
in pain when contrasting Clinical Interaction relative to No

Patient/Clinician brain-to-brain concordance during pressure pain
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Fig.5. Patient/clinician concordance in brain activity during pain. In order to assess clinician concordance with patients’ pain-related brain activity during evoked
pain, we first extracted the time series of the patient’s S2 activity from a cluster identified from an independent Solo fMRI scan run (Moderate pain-No pain).
For each clinician’s fMRI data, we calculated the interaction term between the patients’ S2 time series and a binary function for the leg pressure stimuli. The
outcome of this interaction term reflected the clinicians’ voxelwise time-dynamic concordance with the patient’s S2 activity during pain. For Clinical Interaction
dyads, compared to No Interaction, clinicians showed increased dIPFC concordance with patients’ S2 activity (Left). The strength of S2-dIPFC concordance was

positively correlated with therapeutic alliance (Right). ***P < 0.005.
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Interaction dyads. Previous studies have reported mixed results
as to whether relationship quality itself affects pain relief or other
aversive outcomes/negative affect (e.g., stress) (4, 36, 37). A pre-
vious study investigating the impact of social support on exper-
imental pain outcomes found that having a supportive partner
present, compared to receiving pain in isolation, reduced pain
intensity. However, this effect did not differ depending on
whether this person was a friend or a stranger (24). Another study
investigated the effect of social support on cardiovascular reac-
tivity to stress and found an equally large effect for participants
whose supportive partner was a friend vs. a stranger (38). These
studies suggest that although having a supportive partner present
may be helpful, the specific relationship with this person may
have less of an impact on pain outcomes. Interestingly however,
a recent study compared evoked pain in the presence of a sup-
portive confederate relative to a neutral nonsupportive confed-
erate. Pain intensity and salivary cortisol were significantly
decreased in the supportive condition, suggesting that the mere
presence of another individual may not be sufficient (27). Future
studies are needed to specify how different aspects of the preex-
isting relationship affect the therapeutic context, and, in turn,
patient outcomes. Importantly, sociocultural concordance or
discordance can play a central role in patient—clinician interac-
tions and can impact a wide range of psychological and somatic
outcomes (39—43). While we were not able to formally match
patients and clinicians in our study due to the limited number
of locally available acupuncturists, this is a key issue that should
be the target of future hyperscanning studies. In particular, a
central hypothesis for future inquiry would be whether differences
in brain-to-brain concordance may underpin differences in gen-
der or ethnic/race concordance (43, 44).

When contrasting the Dyadic relative to Solo context, patients
showed increased activation of dorsoposterior and mid-anterior
insula, vIPFC, dIPFC, and S1/S2. However, this was only found
for Clinical Interaction dyads. When directly contrasting Clinical
Interaction with No Interaction dyads, dIPFC, vIPFC, S1, and S2/
dplns survived correction for multiple comparisons. A previous
study of healthy volunteers found that pain intensity of evoked
noxious heat stimuli was reduced when participants listened to
empathic relative to unempathic or neutral, statements (45). This
effect was accompanied by increased fMRI response in dIPFC, alns,
and anterior mid-cingulate during pain. Another study found that
greater “relationship closeness” was associated with stronger activa-
tion in the dIPFC and alns in healthy individuals who observed
their romantic partner receiving pain (19). These studies support
the relevance of dIPFC, a cortical region implicated by our own
study, in social modulation of pain. The dIPFC, along with alns,
the ventromedial PFC, and vIPFC, also constitute a prefrontal com-
ponent of a network supporting expectancy- or attention-induced
pain reduction (i.e., placebo analgesia) (46-49).

Synchronization of behavior and physiological signals is a funda-
mental feature of social interaction (50-52) and is thought to support
social affiliation (53). Here, we found that clinicians in Clinical
Interaction dyads, relative to No Interaction dyads, showed stronger
dIPFC concordance with patients’ S2, contralaterally to the pressure
stimuli, a region that was identified as most responsive to moderate
pain in an independent Solo fMRI scan run. The S2 is a key nocic-
eptive processing cortical region that consistently responds to evoked
pain stimuli (54). Moreover, transcranial magnetic stimulation of S2
contralaterally to pain stimulation disrupts evaluation of stimulus
intensity, suggesting that S2 may be specifically involved in process-
ing sensory features of pain (55). On the other hand, dIPFC is
involved in a range of higher-order cognitive and executive functions
(56, 57), including social cognition (58, 59), empathy for negative
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affect (60), and theory of mind (61). Recent meta-analyses have
found dIPFC among commonly activated regions associated with
empathy for pain conditions, relative to nonpain control conditions
(62). Some studies have suggested that dIPFC may support “cogni-
tive” features of theory of mind, such as evaluation of others” thoughts
and intentions, while affective aspects of theory of mind may rely
more on ventromedial prefrontal cortices and other regions such as
the alns and temporoparietal junction (TP]) (63). For example,
repetitive TMS stimulation of the dIPFC has been shown to disrupt
task outcomes reflective of cognitive but not affective theory of mind
(64, 65). Several lesion studies also support this dissociation (66-68).
Interestingly, a recent IMRI study found that medical doctors showed
increased activation of dIPFC, along with vIPFC and TP]J, while they
applied pain treatment to a confederate “patient” who received
evoked pain (15). Recent hyperscanning studies have found increased
dyadic concordance involving the dIPFC during collaborative/coop-
erative tasks relative to noncooperative or competitive conditions
(69-74). A recent study, using a between-group competitive context,
found that within-group synchronization involving the dIPFC sup-
ported in-group bonding (75). Hence, our finding that dynamic
coupling between clinicians’ dIPFC and patients’ S2 was increased
during Clinical Interaction, and was associated with therapeutic
alliance, may reflect a mechanism in which higher-order social pro-
cessing by the clinician dynamically aligns with somatosensory pro-
cesses supporting patients’ pain experience.

Our prior study found that patient—clinician concordance in brain
activity (e.g., alns, vIPFC, and TPJ]) was increased for Clinical
Interaction relative to No Interaction dyads (8) when clinicians
applied treatment aimed to reduce patients’ evoked pain. However,
for that study we used a slightly different analysis approach wherein
dynamic brain concordance was calculated at the level of block trials.
For the current study, we calculated brain concordance ona TR-to-TR
level due to the limited number of block stimuli per condition
(81 Appendix, Supplementary Materials and Methods). An advantage
of the current TR-to-TR approach is the increased sensitivity to
moment-to-moment dynamics in concordance, which may tempo-
rally match well with the behavioral dynamics in this social context
(76). Nevertheless, exploratory correlations (S/ Appendix, Table S1)
between the current approach and previously reported block-wise
concordance metrics show moderate-to-high coefficients, supporting
the assumption that these two approaches do indeed tap into shared
underlying social processes.

There are several limitations to our study. First, clinicians and
patients developed their relationship during a single naturalistic
clinical intake. In clinical practice, alliance and rapport may
develop and strengthen over time, across repeated visits. Future
studies should investigate how psychosocial effects on pain and
the underpinning brain-to-brain dynamics develop over time.
Second, since we were unable to preassign participants to meet a
balanced ratio of socioculturally concordant and discordant dyads,
the sample included a larger number of socioculturally concordant
(i.e., same sex/ethnicity for patient and clinician) relative to dis-
cordant dyads. Importantly, however, the proportion between con-
cordant vs. discordant dyads was not significantly different besween
Clinical Interaction and No Interaction groups (S/Appendix,
Supplementary Results), suggesting that our results were not strongly
influenced by unequal allocation to Clinical Interaction vs. No
Interaction subgroups. Third, we were not able to assess brain activity
“during” verbal interaction. Future investigations may apply alterna-
tive hyperscanning approaches using different techniques such as
electroencephalography and near-infrared spectroscopy, which ena-
ble simultaneous recording of brain activity during verbal interac-
tions while participants are in the same room. However, these
complementary imaging modalities have other limitations such as
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comparatively reduced spatial resolution and limited assessment of
deeper brain regions. Forth, due to the complex logistics of the
interactive hyperscan setup and enrollment of real patient—clinician
dyads, the final sample size was limited (n = 37 analyzable dyads; n
=20 patients and n = 20 clinicians). This may have led to insufficient
statistical power and thus an increased risk of type II error. Finally,
future studies should strive to include an equal sampling of men
with fibromyalgia, to disentangle possible sex/gender differences.

In conclusion, our findings support prior research suggesting
that a supportive clinical relationship and empathy can foster
therapeutic alliance and reduce pain intensity. Our study also
sheds light on the brain processes supporting social modulation
of pain inherent to the patient—clinician interaction. Our findings
further suggest that clinicians’ dIPFC dynamic brain concordance
with patients’ somatosensory processing during pain can be
boosted by increasing therapeutic alliance.

Methods

Subjects. Our study enrolled 23 female chronic pain patients[age: 39.95 = 10.93
(Mean = SD); race/ethnicity: 18 Caucasian, 2 Hispanic, 2 African American, and
1 multiracial] diagnosed with fibromyalgia for at least 1y and meeting the Wolfe
et al. (77) criteria. Fibromyalgia is highly female-predominant-a recent review
found a 10:1 ratio of female-specific to male-specific studies (78). Because there
are very few brain-imaging studies of men with fibromyalgia, it is unknown
whether there might be sex differences in brain processing of nociception and
pain for fibromyalgia. However, for chronic pain more broadly, a recent review of
neuroimaging studies concluded that there may be sex differences in chronic pain-
related alterations in sensorimotor, insula, and anterior cingulate cortices (78). We
therefore aimed to reduce the potential variability added by notincluding a likely
small subgroup of male fibromyalgia participants in this study. We also enrolled 22
licensed acupuncturists who had completed at least a 3-y Masters-level program or
were currently in the final year of training (age: 44.32 = 12.81; 15 female; race/
ethnicity: 18 Caucasian, 1 Hispanic, 1 African American, 1 Asian, and 1 multiracial).
Fibromyalgia patients were recruited through advertisements, patient lists from
pain clinics, and through internal registries of patients who had previously taken
partin other research studies at our center. Acupuncture clinicians were recruited
through advertisements and directed recruitment at the local acupuncture college.
The primary reason for enrolling chronic pain patients and trained clinicians was
toincrease the opportunity for dyads to establish a clinically relevant relationship
during the intake/consultation, as a means of maximizing the overall ecological
validity of the study. Furthermore, psychological and social factors are central to
the psychopathophysiology of fibromyalgia, which made this patient group an
appropriate choice to explore patient-clinician empathy. The decision to enroll
acupuncturists as clinicians was motivated by two main reasons. First, a separate
experiment embedded in our project involved electroacupuncture treatment (8),
a treatment modality that enables on/off treatment during scanning and is thus
well equipped for block-design fMRI experiments. Thus, enrolling acupuncturists
as clinician participants allowed for the clinicians to apply a treatment relevant to
their own practice, which again served to increase ecological validity.

Treatment guidelines for fibromyalgia usually recommend a combination of phar-
macological treatment, integrative medicine therapies such as acupuncture, and
other nonpharmacological approaches such as exercise, manual psychoeducation,
and psychological therapy (79-81). A recent Cochrane review concluded that there
was low-to-moderate level evidence that acupuncture improves pain and stiffness
in fibromyalgia compared to no treatment and standard care (82). In the United
States, chronic pain is the most common indication for acupuncture, and acupunc-
ture schools commonly include fibromyalgia as the most common, prototypical
nociplastic pain disorder seen by acupuncturists in clinic (83). Thus, fibromyalgia
was an appropriate patient group for the acupuncture treatment used in the current
study. Patients and clinicians received monetary remuneration for their participation.

Each participant was paired with two different partners with whom they inter-
acted as part of two separate MRI sessions (Clinical Interaction and No Interaction,
Fig. 1). These sessions were identical except for whether or not the dyad had
previously interacted as part of a clinical intake (see details below). At least 1 MRI
visit was completed by 20 patients and 20 clinicians. After T MRI visit, 3 patients
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(2 due to scheduling issues and 1 due to claustrophobia) and 3 clinicians (2 due
to scheduling issues and 1 due to scanner discomfort) dropped out. However, all
these participants completed both Solo and Dyadic runs on the initial MRI visit. In
total, 40 unique dyads were scanned; however, 2 MRI sessions were incomplete
due to scanner malfunction, and 1 MRI session was discontinued mid-scan due
to patient withdrawal (due to claustrophobia). Thus, the final sample for anal-
ysis consisted of 37 dyads (19 Clinical Interaction and 18 No Interaction) with
usable single-person and hyperscan MRI data. Our study was approved by the
Institutional Review Board at Massachusetts General Hospital, and all participants
provided informed consent before participation.

We were not able to estimate power using dyad-based metrics due to the lack
of previous data on brain-to-brain concordance with similar context. However,
based on previous data from clinicians observing a "patient” confederate receiving
evoked heat pain and applying treatment for alleviating this pain (15), we found
a mean blood oxygen level-dependent (BOLD) percent change (within-subjects)
for a vicarious pain ("no treatment") and nonpain ("treatment”) condition of
1.25 % 1.53 (mean = SD), which, from the clinicians' perspective, may partially
resemble the moderate pain vs. nonpainful pressure conditions in this study. As
previously reported (8), an a priori power analysis (paired, two-tailed, & = 0.05)
indicated that 15 subjects would be required for 85% power to detect this effect
size (RStudio, function pwr.t.test, package pwr). Importantly, that study included
a different gender composition (10 females and 8 males) than the current study.

study Protocol. Afteran initial behavioral visit in which the experimenter famil-
iarized the participants with the experimental setup and completed a cuff pain
calibration procedure (see below), each participant completed 1)a clinical intake
visit followed by 2) a Clinical Interaction MRI with the same dyadic partner from
the intake, and 3)a No Interaction MRI visit with a separate dyadic partnerand no
preceding intake. These three sessions were completed on separate days, and the
order between Intake followed by Clinical Interaction MRl and the No Interaction
MRI was counterbalanced between participants.

Clinicians were instructed to perform the clinical intake “as similarly as pos-
sible to your daily practice” and were not given any time restrictions, in order to
maximize ecological validity (mean = SD duration of intakes: 37:40 = 12:30
min:s, range: 21:32 to 54:40). The purpose of the intake was to enable the
patient-clinician dyads to establish a social relationship and a level of therapeu-
tic alliance prior to the Clinical Interaction MRI session. The No Interaction MRI
session, which was not preceded by an intake, was included as a control condition.
Each participant was paired with a different partner for these two MRI sessions to
avoid carryover effects due to the relationship.

The two MRI sessions followed the same procedure. After the patient had been
positioned in the MRI scanner, the clinician facilitated acupuncture needling (see
ref. 8 for full details). In brief, the patient received two MR-compatible titanium
needles (DongBang, Seongnam, Korea) above the knee proximal to the cuff, with
MR-compatible electrodes attached to each needle. These needles stayed in place
throughout the entire MRI session and were used for a separate treatment run
in which the clinician provided electroacupuncture treatment to alleviate the
patient's cuff pain (see ref. 8). Although there was no treatment element in the
current study, the patients' awareness that they would subsequently receive pain
treatment by the same clinician may have improved the participants' appraisal of
the current experimental context as a meaningful clinical interaction. The clini-
cian was then positioned in another MRI scanner in the same building. In both
scanners we employed the same customized coil configuration, using the bottom
of a 64-channel head coil and a 4-channel flex coil wrapped over the subjects’
forehead to cover the frontal lobes of the brain. This was done in order to ensure
unimpeded facial coverage for video transfer. MRI-compatible video cameras
enabled the participants to communicate nonverbally (e.g., eye movement and
facial expressions) during the experimental hyperscanning runs. Before the scan,
the patientand the clinician were instructed that they could freely communicate
their feelings to the other person nonverbally (e.g., facial expressions and eye
movement) as long as they kept their head as still as possible. Prior to functional
MRI (fMRI) scanning for the Clinical Interaction session, the clinician was given
the option to "check in" with the patient via the between-scanner audio/video
connection, in order to reinforce the clinical relationship. As previously reported
(8), patients and clinicians filled out the Hyperscan Relationship Scale, addressing
their subjective experience of different aspects of the in-scanner social interaction
after each fMRI hyperscanning session. For one of these items, "I felt | could
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communicate with the patient/acupuncturist” (VAS, 0 to 10; anchors, "Completely
disagree” and "Completely agree”), Clinical Interaction dyads rated their ability
to communicate with the partner higher (Patients: 7.79 + 2.64; Clinicians: 5.36
* 2.32) compared to No Interaction dyads (Patients: 6.56 = 3.12; Clinicians:
3.75 +2.54),and this item correlated positively with Therapeutic alliance ratings
from the clinical intake (Patients: r = 0.18; Clinicians: r = 0.47), suggesting that
perceived ability to communicate was associated with the clinical relationship.

Evoked Pain Stimuli. We applied deep-tissue leg pain using the Hokanson Rapid
Cuff Inflator (D. E. Hokanson, Inc.). Compared to cutaneous quantitative sensory
testing (QST) techniques (e.g., contact heat), deep sustained pain may better mimic
clinical pain (84, 85), thus providing a more clinically relevant measure. In our
experience, applying these techniques in chronic pain patients, even subjects with
severe fibromyalgia are generally able to tolerate leg cuff pain without any lasting
discomfort (86, 87). Each patient went through a pain calibration procedure at the
initial behavioral visit to determine an individual level of moderate pain (~40 out
of 100) to be used for experimental testing. Throughout all the experimental runs,
this level was confirmed to evoke the target pain level of "Moderate pain” (mean
+ SD = 157.92 = 95.59 mmHg), while a mild pressure (30 mmHg) was used as a
“Nonpainful” control stimulus. The cuff was attached to the patient’s left lower leg
priorto scanning and was inflated for six 15-s duration trials (3x Moderate pain, 3x
No pain) during the experimental runs (Solo, Dyadic).

Self-Report Assessments.

Therapeutic alliance. Patients and clinicians completed a "Consultation and
Relational Empathy (CARE)" questionnaire (22) at the end of each MRI session. The
total scores for patient-rated and clinician-rated (88, 89) CARE were calculated and
averaged for each dyad and used as an estimate of dyad-wise therapeuticalliance.
Ratings of pain, vicarious pain, and empathy for pain. At the end of each trial,
participants used a MRI-compatible button box to provide ratings (8 s each) using
avisual analog scale (VAS, quantified as 0 to 100). During Solo runs, patients rated
pain intensity ("How painful was the cuff?" Anchors: "No pain” and "Most pain
imaginable"). During Dyadic runs, patients rated pain intensity (“"How painful
was the cuff?” Anchors: "No pain” and "Most pain imaginable”) and empathy
for pain ("How well did the clinician understand your pain?" Anchors: "Not at
all"and "Extremely well"). Clinicians rated vicarious pain ("How painful was it for
the patient?") and empathy for pain ("How well did you understand the patient's
pain?" Anchors: "Not at all” and "Extremely well").

MRI Acquisition and Preprocessing.

MRI acquisition. BOLD fMRI data were simultaneously collected from each partic-
ipant (Patient scanner: Siemens 3T Skyra; Clinician scanner: Siemens 3T Prisma)
using a whole-brain, simultaneous multislice, T2*-weighted gradient echo-planar
imaging pulse sequence (repetition time = 1,250 ms, echo time = 33 ms, flipangle
= 65, voxel size = 2 mm isotropic, number of slices = 75, multiband acceleration
factor = 5, 624 volumes split into two consecutive scan runs). We decided to keep a
designated “patient scanner” and “clinician scanner” rather than randomizing scan-
ner assignment between dyads. This allowed for protocol consistency within patient
and clinician groups and facilitated the setup of our hyperscanning infrastructure. In
order to maximize patient comfort during scanning, we used the Siemens 3T Skyra
for the fibromyalgia patient group, since it has a slightly wider bore compared to
the Siemens 3T Prisma.

AT1-weighted high-resolution structural volume (multiecho MPRAGE) was
collected to facilitate anatomical localization and spatial registration of individual
BOLD fMRI volumes to standard space (Montreal Neurological Institute, MNI152)
(repetition time = 2,530 ms, echo time = 1.69 ms, flip angle = 7°, voxel size
=1 mm isotropic).

MRI preprocessing. Individual fMRI datasets were preprocessed using tools from
FMRIB's Software Library (FSL, v6.0.0; www.fmrib.ox.ac.uk/fsl) and included the
following steps: slice-timing correction, motion correction (MCFLIRT) (90), correc-
tion of spatial inhomogeneity (TOPUP) (91, 92), nonbrain tissue removal (BET)
(93), spatial smoothing (full width at half maximum = 4 mm), temporal high-pass
filtering (f = 0.011 Hz as computed by FSL's cutoffcalc), and grand-mean intensity
normalization by a single multiplicative factor. For each subject, both runs were
realigned (6 degrees of freedom) to a common reference space (7th volume of the
firstrun) before the first-level GLM analyses. The transformation matrix for registra-
tion between functional and high-resolution anatomical volumes was calculated
using Boundary Based Registration [bbregister, Freesurfer, v6.0.0 (94)]. Due to
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excessive head motion, two patients and one clinician had one of their Dyadic runs
excluded from fMRI analysis, and one patient had one of their Solo runs excluded,
based on the following exclusion criteria: 1) >2° frame-by-frame head rotation
in any direction and 2) >2 mm frame-by-frame displacement. For registration
from structural to standard space (MNI152), we used FSL's Linear registration tool
(FLIRT, 12 degrees of freedom) (90, 95), followed by FSL's nonlinear registration
tool (FNIRT) (96). All single-subject analyses were performed in functional space
and then registered to MNI152 standard space before dyadicand group analyses.

Materials.

In-scanner cameras. Each MRI scanner was equipped with an MRI-compatible
camera (Model 12M, MRC Systems GmbH, Heidelberg, Germany) attached to
the table-mounted mirror in order to enable online visual communication. Prior
to scanning, cameras were manually adjusted to capture the full face of each
participant. The visual stream was projected onto a screen behind the MRI scanner
bore, which the participants viewed through the table-mounted mirror. The two-
way video stream (20 Hz) was transmitted over a local network (the cross-scanner
delay was measured by our custom in-house software to be consistently <40 ms).
Microphones. Although verbal communication was disabled during scanning to
avoid speech-related motion artifacts in the fMRI signal, participants were able
to communicate verbally between the Solo and Dyadic MRI scan runs. Speech
was recorded using MRI-compatible optical microphones (Fibersound FOM1-MR,
Micro Optics Technologies Inc.).

Software for stimulus presentation and signal synchronization. \e applied
in-house software (C++) for synchronization of fMRI and video signal acqui-
sition between MRI scanners, transferring video and audio, and tracking the
between-scanner network delay. A laptop in each MRI scanner control room
initiated fMRI acquisition using a remote trigger. These laptops also locally
controlled the video stream, experimental visual stimuli, onset and offset of
the leg pressure, and recording in-scanner ratings and videos, thus using a
common clock for synchronization. The two laptops were connected through
alocal area network for bidirectional communication. At the initiation of each
fMRI pulse sequence, a signal from the master computer (patient MRI control
room) was sent to the slave computer (clinician MRI control room). The current
network delay (calculated as the mean of 10 network pings) was estimated,
and the timer clock and the fMRI pulse sequences were then initiated and
locally adjusted for this network lag, thus ensuring synchronized acquisition
timing of the two fMRI time series, video streams, and experimental protocols.
The video streams were uncompressed to minimize a computational delay,
and the brightness of display was adjusted to the same level.

Statistical Analysis. All nonimaging analyses were performed in R (RStudio
1.4.1106). The threshold for statistical significance was set ata = 0.05.
Self-report data. To investigate whether patients' pain intensity was affected
by the presence of the clinician or whether the dyad had interacted during
a prior clinical intake, we performed a repeated measures ANOVA with
factors "Run"” (Solo, Dyadic) and “Clinical context” (Clinical Interaction, No
Interaction) and "Order" as a between-subjects factor (Clinical Interaction first,
No Interaction first).

To investigate the clinicians' ability to understand patients' pain, as rated by
the patient, we performed a repeated measures ANOVA with factors "Clinical
context” (Clinical Interaction, No Interaction) and "Stimulus” (Moderate pain,
No pain) and "Order” as a between-subjects factor (Clinical Interaction first, No
Interaction first).

Agreement between patients’ pain and clinicians’ vicarious pain. In order to
assess clinician accuracy in estimating patients' pain, we calculated the agreement
between the patients' pain ratings and clinicians' vicarious pain ratings. For each
dyad, we first calculated the absolute difference between the clinician’s mean
rating of vicarious pain and the patient's mean rating of pain intensity. These
absolute difference scores were then transformed by subtracting each score from
100 (the largest possible difference), such that a score of 0 would indicate the
largest possible difference, while 100 would indicate perfectagreement between
the clinician’s vicarious pain rating and the patient's pain intensity rating. Thus,
one Agreement score for each dyad was used for statistical analysis, consistent
with previous studies of empathicaccuracy for pain (97, 98). We performed a two-
way ANOVA with the within-subjects factor “Clinical context” (Clinical Interaction,
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No Interaction) and the between-subjects factor "Order” (Clinical Interaction first,
No Interaction first) to investigate whether agreement differed between Clinical
Interaction dyads and No Interaction dyads.

fMRI data. For all whole-brain group analyses of fMRI data, significance testing
was done using FSLFLAME 1+2 with cluster correction for multiple comparisons
(z=3.1,a=0.05)(99).

Main contrasts. We first performed first-level GLM analyses for each individual
run (Solo, Dyad) for each subject using FILM with local autocorrelation correction
(100). We modeled periods corresponding to cuff stimulation (Moderate pain, No
pain) as regressors of interest. Rating periods and six motion parameter time series
were modeled as regressors of no interest in the same design matrix. The contrast
parameter estimates for the contrast Moderate pain vs. No pain were then passed
up to a second-level fixed-effects GLM contrasting Dyadic vs. Solo runs from the
same MRl session.These individual whole-brain maps (Dyadic-Solo) were passed
up to group analyses for 1) Clinical Interaction dyads, 2) No Interaction dyads, and
3) Clinical Interaction vs. No Interaction. The resulting whole-brain Z-statistical
maps showed pain-related BOLD differences while patients were interacting with a
clinician (Dyadic), relative to receiving pain in isolation (Solo), in Clinical Interaction
dyads, No Interaction dyads, and the difference between these two.

Brain-to-brain concordance. To investigate clinicians’ concordance with patients’
pain-related brain processing, we first performed a group-level contrast of BOLD
responses during Moderate pain vs. No pain for all patients' Solo runs, in order to
identify brain circuitry implicated in pressure pain processing (without being influ-
enced by social interaction). Using a functionally derived mask from an independent
localizer task for the same individuals may yield higher spatial sensitivity than an
atlas-based mask derived from anatomical landmarks (101-103). Patients varied
considerably in their individually calibrated cuff stimulus intensity for Moderate
pain (range: 50 to 380 mmHg), which may affect the contrast with nonpainful cuff
(always 30 mmHg). In order to maximize the sensitivity to pain-related processing
in this analysis, we therefore excluded patients who had a calibrated cuff intensity
forModerate pain of lower than 70 mmHg (n = 4).The resulting group map (n =16
patients, SIAppendix, Fig. S1)included a clusterin the right secondary somatosensory
area (S2), contralateral to cuff pain stimulation, which we used as an independently
defined binarized region of interest (ROI) for the concordance analyses.

Specifically, we extracted the mean time series from a binarized mask of this
cluster, from each patients' preprocessed BOLD data registered to MNI152 space
(Dyadic run, full sample of 37 dyads, including 20 patients). Next, for each dyad,
the patient's S2 time series was used as a regressor in the clinician’s first-level
GLM. Periods corresponding to vicarious pain (observation of the patient receiv-
ing Moderate pain) were included as a binary regressor, and we computed the
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interaction term between the patient's S2 regressor (de-meaned) and the vicar-
jous pain regressor (centered, such that pain periods corresponded to +1 and
nonpain periods corresponded to —1). Other events corresponding to vicarious
nonpain (observation of the patient receiving nonpainful leg pressure), anticipa-
tion cues, and rating periods were included as regressors of no interest, along with
motion parameters. The contrast parameter estimates for the S2p,;.,*Vicarious
Pain interaction term thus yielded a whole-brain map from each dyad showing
the clinician's voxelwise concordance with the patient's S2 BOLD fluctuations,
specifically during evoked pain. This approach is similar to a generalized psy-
chophysiological interaction analysis (104, 105), except that the physiological
regressor was derived from the interacting partner's brain rather than a different
brain region in the same individual.

Data, Materials, and Software Availability. Anonymized csy, txt data have
been deposited in OSF (https://osf.io/Skhjn/) (106).
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