
brain activity in the target and the toucher. Indeed, the study on
touch-induced analgesia to date has largely focused on either the
target of pain or the observer, limiting our understanding of the
interactive nature of analgesia. Neural evidence has so far lacked
the necessary specificity to build a detailed model of touch an-
algesia, owing to the difficulty of examining social interactions
involving real touch using traditional neuroimaging approaches.
Recently, an approach known as hyperscanning has facilitated

simultaneous monitoring of the brain activity of several persons
taking part in an interpersonal mutual exchange (43–46). Con-
sidering the high temporal resolution and low sensitivity to mo-
tion artifacts of EEG, hyperscanning studies with EEG have
provided compelling evidence of interbrain synchronization
during various cognitive tasks, such as during conversations (47),
spontaneous gestural imitation (48, 49), prisoner’s dilemma
game (50), guitar playing (51, 52), and rhythmic finger move-
ment (53). Furthermore, reports indicate that the neurohormone
oxytocin, which has also been implicated in affective touch (54),
enhances interpersonal brain coupling (55). This simultaneous
monitoring of the brain activity of several persons provides an
excellent ecological framework for studying the neurodynamics
of social interactions. To date, however, no study has tested real-
time brain-to-brain dynamics during touch and pain or the as-
sociation between brain-to-brain coupling and pain relief.
One possibility is that since empathy has evolved to promote

helping behaviors in social animals (56), an observer’s empathic
response may have an effect on regulating a target’s distress.
Indeed, being in a matched emotional state with the emotions of
an observer has been shown to lead to positive feelings toward
the observer and to activate the reward circuitry in the brain (57).
Therefore, behavioral and neural coupling during touch may be
related to the understanding an observer exhibits toward a tar-
get’s distress, thus blurring the boundaries between self and
others (58, 59) and promoting analgesia for the target. In line
with this notion, research has suggested that the feeling of being
understood activates parts of the reward circuitry, including the
ventral striatum (60). Furthermore, recent studies show that
synchrony is enjoyable (61, 62) and that the reward circuitry,
including the striatum, is activated when individuals experience
synchrony (63). This suggests that brain-to-brain coupling be-
tween an observer and a target experiencing pain may signal
social understanding, which in turn may be rewarding and pro-
mote analgesia. Thus, social touch may be a means of commu-
nicating social understanding between target and observer (9),
which in turn may regulate pain by increasing reward. Indeed, a
recent study has shown that partner touch enhances analgesia
and that trait empathy predicts level of analgesia (64). Moreover,
touch-enhanced interpersonal coupling of heart rate and respi-
ration during the pain, along with high partner empathy and high
levels of analgesia enhanced coupling during partner touch (65).
Here, we hypothesize that a partner’s touch will increase

interpartner brain coupling during pain and that the level of
coupling will be associated with analgesia magnitude and degree
of touch empathy. The experiment consisted of six conditions in
which romantic partners were instructed to hold hands or to sit
together with no physical contact or to sit in separate rooms
during the pain vs. no-pain conditions.
Considering the intersubject variability of hyperscanning and

to decrease the impact of gender differences, the roles assigned
to the male and female partners remained constant throughout
the experiment. Since women are known to benefit from social
support more than men (66–69), they were selected for the role
of pain target.
Although fMRI studies show that deep-brain structures are

involved in empathy for pain, recent EEG studies reveal that
alpha rhythms underlie empathy for pain (37, 38) particularly
over frontocentral regions. In line with this, in a recent study it

has been shown that alpha and beta oscillations underlie the sensory
qualities of others’ pain (70).
Throughout the experiment, the neural activity of both part-

ners was simultaneously recorded (Fig. 1). We focused on cou-
pling in the alpha–mu band (8–12 Hz), as previous research
demonstrated that the alpha–mu band is related to pain per-
ception and plays a significant role in empathy for pain (71–73).
Moreover, research has shown that the alpha–mu band is in-
volved in interbrain synchronization (49, 74, 75) during non-
verbal social interaction and that it is the most robust band for
brain-to-brain coupling (49). In addition, findings from different
hyperscanning studies have confirmed the robustness of alpha-
band implication (49, 75, 76). While most hyperscanning studies
focus on the alpha–mu band, several studies reported interbrain
coupling in the beta band (77–79); therefore, this band was an-
alyzed as well. We hypothesized that coupling in the alpha–mu
and beta bands in a pain-related interpartner network would
increase during touch, compared with either the pain without
touch condition or the conditions without pain. Finally, we
expected that the level of brain-to-brain coupling would be as-
sociated with analgesia in the target of pain and empathic ac-
curacy in the observer during the partner’s touch.

Fig. 1. Experimental setting.
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network is not necessarily associated with the power of the cou-
pling, the links may represent a secondary marker for the inter-
brain coupling, providing good simplification of the coupling
patterns. In this condition, the target of the pain processes both
the pain and the partner’s touch, resulting in a more widespread
interpersonal coupling pattern.
As the parietal lobe integrates sensory information of tactile

and visual modalities (82), the increased involvement of the
observers’ parietal areas in the coupling may represent multi-
modal integration of information, ranging from perception of the
situation to the empathic reaction via touch. In support of these
findings, tactile-induced analgesia (28) has been found to cor-
relate with activations in brain areas related to multimodal
neural activity (83) and emotional processes (84–88). Moreover,
in the partner touch–pain condition, the coupling observed near
the temporoparietal junction replicates findings from a joint at-
tention paradigm (49). Previous neuroimaging studies showed that
the right temporoparietal region is consistently activated in social
cognitive processing involving attention orientation, self–other
discrimination, and perspective-taking (89, 90). Nonetheless, the
target of the pain may also integrate somatosensory information
(touch and vicarious pain) that may explain the involvement of
central regions in interpersonal coupling. Thus, the coupling in the
partner touch–pain condition could be a result of integration of
sensory information from tactile, visual, and nociceptive inputs.
Unlike the touch–pain condition, the no-touch–no-pain con-

dition demonstrated a relatively weaker interbrain coupling
pattern, mostly between the right parietal regions of the female
partner and the right parieto-occipito-temporal areas of the male
partner. In other words, the interpartner brain-to-brain coupling
pattern in this control condition may represent a basic interper-

sonal interaction and therefore may also constitute part of the
coupling during pain and touch. These results are consistent with
the findings of Dumas et al. (49) who reported alpha–mu inter-
personal coupling between the model and the imitator during a
spontaneous imitation condition mostly between the right centro-
parietal regions, both in the model and the imitator. While the
alpha–mu band has been associated with the mirror neuron system
(91), such activity in the right centro-parietal area has even been
proposed as a neuromarker of social coordination (74). Thus, the
simple coupling pattern in the no-touch–no-pain condition repli-
cated previous hyperscanning findings of interpersonal cooperation.
Since this pattern resembles part of the complex network in the
partner touch–pain condition, it could be assumed that the pain and
touch coupling network partially involves the general interpersonal
interaction network. In support of this notion, researchers have
demonstrated that, in addition to brain coupling, mere copresence
can result in autonomic physiological coupling (92, 93). Notably,
although this condition involves seemingly symmetric roles for both
the target and the observer, the pattern of interbrain coupling is not
entirely symmetric. It involves mostly right centro-parietal regions
in both pain target and pain observer; however, the spatial distri-
bution of the interbrain coupling links is higher for the observer.
This asymmetric pattern of coupling could be explained by the
differential roles of the partners during the interaction, which was
based on the initial division into targets and observers at the be-
ginning of the study: (i) The participants may have had different
expectations, based on the assigned roles; (ii) pain targets underwent
a pain calibration procedure before the main study began.
The partner touch–no-pain condition also demonstrated an

interbrain coupling pattern that constitutes parts of a partner
touch–pain coupling network. This network links central regions

Fig. 5. Interpartner coupling predicts (A) touch-related analgesia in the target and (B) touch-related empathic accuracy of the observer. The brain-to-brain
links on the right side show the pattern of coupling in clusters 2 (A) and 1 (B). The figures include a regression line with a 95% confidence interval. The y axis
represents interpartner coupling loadings on cluster 2 (A) and cluster 1 (B). Empathic accuracy was defined as the absolute difference between the partners’
pain ratings divided by the sum of both partners’ pain ratings. A small discrepancy between the partners’ ratings corresponds to high empathic accuracy.
Analgesia was calculated as the percentage difference between each woman’s final rating in the no-touch–pain and touch–pain conditions and her rating in
the pain-alone condition.
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both partners’ pain ratings. A small discrepancy between the partners’ rat-
ings corresponds to high empathic accuracy (116).
Measure of analgesia.The reduction in the female partner’s pain (i.e., woman’s
analgesia) was calculated as the percentage difference between each
woman’s final rating in the no-touch–pain and touch–pain conditions and
her rating in the pain-alone condition.

EEG Preprocessing and Statistical Analysis. The preprocessing was conducted
usingMatlab R2009b (TheMathWorks) with Fieldtrip toolbox (117). EEG data
were rereferenced off-line to an average of the left and right mastoid and
filtered with a bandpass ranging from 1 to 45 Hz. Principal-component
analysis (PCA) was used for artifact edification (118, 119) because PCA has
been shown to be very effective in reducing artifacts with minimal effect on
spectral distortion (119). PCA-dominant components that showed a non-
cortical source (eyeblinks or movement artifacts) were removed. The con-
verted EEG signal was then calculated by using the inverse solution of the
PCA. Finally, about 3% of the data were removed after visual examination
of the obtained data.

The data were filtered into the 8- to 12-Hz frequency bands using But-
terworth filters of order four, divided into consecutive epochs of 1,000 ms,
and the instantaneous phase was estimated using the Hilbert transform. Data
from the first 2 s and the last 2 s were excluded from the analysis because of
multiple artifacts. Then CCorr (120) was calculated for each 1,000-ms window
over every possible combination of interpartner EEG electrodes (total of
1,024) in each study condition. Simulations showed that CCorr has the lowest
sensitivity to spurious couplings of EEG hyperscanning data (82). Afterward,
calculated CCorr was normalized by Fisher’s Z transformation. The distribu-
tion of the transformed coupling data are shown in Fig. S1.

It is important to stress that, in the current statistical analysis, the partner’s
touch–pain conditions were emphasized adjusting the related findings by
the other study conditions. Since the coupling data are nested within con-
ditions and participants, statistical analysis was based on the multilevel
modeling (MLM) approach, taking into account the nested data structure
and removing linear trends. We used the following algorithm to reduce the
number of statistical tests. In the first step, complex contrast was used to test
hypothesis H1 that at least a single condition of interest (partner touch–no-
pain, partner no-touch–no-pain, partner touch–pain and partner no-touch–
pain) shows higher interpartner coupling than the baseline no-pain-alone
condition for each combination of interpartner electrodes. This step allowed
us to filter out a major number of electrode combinations with null effect

more effectively than classical ANOVA, which includes comparisons between
all possible pairwise conditions. Based on the first step, only significant
electrode combinations were analyzed in the second step, in which each of
the four conditions of interest was compared separately to the baseline no-
pain-alone condition. This was done to examine the interpartner connec-
tivity network for interpartner touch with/without pain as well as the net-
work for the partners’ copresence with/without pain. The third step was
planned to identify a unique interpartner connectivity network for inter-
partner touch during pain. Therefore, three contrasts were tested to com-
pare the partner touch–pain condition with the other three conditions of
interest only for those combinations of electrodes that showed significant
coupling for partner touch–pain conditions in the second step. Since the
tests conducted within the three steps are organized hierarchically, the hi-
erarchical FDR controlling procedure proposed by Yekutieli (121) and
implemented mostly on genomic data (122, 123) was applied to control the
findings for the multiple testing problem.

In the next stage, the interpartner networks during pain–no pain and
touch were clustered using nonnegative matrix factorization (NMF) (124)
with 1,000 runs to achieve stable results. Factorization rank was estimated
by considering the smallest value at which the decrease in the residual sum
of squares (RSS) is lower than the decrease in the RSS obtained from random
(reshuffled) data (125). The “Brunet” version of NMF, which is based on
Kullback–Leibler divergence and uses simple multiplicative updates, was
applied (126). After that, the MLM approach was used to test the differ-
ence in the relationship between the pain-related interpartner network
and the reduction in the female partner’s pain/empathic accuracy with and
without touch.

Correlation analysis of pain-related outcomes with clustered interpartner
coupling networks was adjusted by simulation-based multiple-tests correc-
tion (127) and includes a report of 95% confidence intervals. Last, boot-
strapped paired t test was used for behavioral analysis. In all analyses, type
1 error was set to 0.05. The power of the significant findings was calculated
by simulation study. Synthetic data were generated 500 times using the
obtained parameter estimates and the initial analysis was conducted. The
power was computed by comparing P values from the simulated data to
the corresponding FDR criterion in initial analysis. All statistical analyses
were performed in R 2.14.2 using the lme4 and NMF packages.
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