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The Social Regulation of Pain: Autonomic and
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Threat
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Abstract: The analgesic effect of social support is proposed as a function of social support modu-
lating perceived threat of painful stimuli. In the current study, we directly examined the social buffering
effect in the context of the threat of pain. Eighteen healthy participants were subjected to the threat
of pain while they held the hand of a close other, a stranger, or not at all. Neural and autonomic
responses were recorded using electroencephalogram and heart rate, respectively. Close other hand-
holding reduced pain perception. This was accompanied by decreased heart rate and frontal theta
oscillation (4-8 Hz) during the threat phase preceding painful stimulation. Interestingly, decreased
heart rate and frontal theta in the close other hand-holding condition were uniquely associated with
greater pain reduction during subsequent nociceptive stimulation. Neural changes were source-
localized to the insular cortex and the rostral-ventral portions of anterior cingulate cortex, regions
involved in the processing of threat and pain. Together, our data build upon work to date linking
social support to pain by showing autonomic and neurophysiological changes associated with pain
reduction.

Perspective: Social support may reduce pain through buffering the autonomic and neurophysi-
ological response to the threatening quality of noxious stimuli. Results implicate that in clinical
settings the caregiver could help people with chronic pain reappraise pain and related conditions as

less stressful.
© 2017 by the American Pain Society
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tial benefits for individuals.”*” These benefits arise

through forms of social support including the struc-
ture of one’s social relationships (eg, having intimate
relationships with others), or the explicit functions
performed by others' (eg, emotional, economical, in-
formational support). In the context of pain research,
literature has largely suggested that social support, in its
various forms, has analgesic effects for pain patients’>33¢

S upportive relationships with others have substan-
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as well as in experimental settings with healthy
individuals.®'73'39 Thus, social connectedness may play an
important role in the perception of pain.

Preliminary evidence in this area has indicated a “stress-
buffering” process in which social support may reduce
pain-related threat response that in turn decreases
pain.?>>1% For example, one study identified that per-
ceived threat of pain mediated the influences of social
support on pain reduction.”® Several imaging studies have
also suggested that social support may prime safety or
reward themes that in turn result in the reduction of pain
and related threat response.’® However, a limitation of
current investigations into the buffering effect on pain
is the simultaneous assessment of the painful sensation
and threat of pain, in which the buffering effect suffers
from an indirect manner of examination (eg, Eisenberger
et al,” and Younger et al®?). In addition, where the threat
of pain has been specifically addressed, it has been
assessed through a self-report dichotomous variable (ie,
yes or no; eg, Corley et al,'> and Vlaeyen et al*®). However,
the social buffering effect involves not only the subjective,
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self-reported experience of threat or stress, but (albeit
related) neural, cardiovascular, and neuroendocrine di-
mensions of perceived threat, which are closely associated
with health outcomes.*®

In the current investigation, we build upon the
literature of social support and pain to date by using elec-
troencephalogram (EEG) and heart rate measures to assess
neural and autonomic changes during the threat of pain
and its relationship to pain reduction. To do so, we used
a novel manipulation to introduce 6-second continuous
threat of pain leading up to painful stimulation. It is im-
portant to note that EEG and heart rate offer high
temporal resolution. In the present paradigm, this allowed
us to reveal the dynamic increase in neural and autonomic
response during pain-related threat, and crucially, di-
rectly show the buffering effect of social support on threat
and pain experience as well as the graded influence of
social support depending on the quality of the relation-
ship (ie, close acquaintance vs stranger). Because EEG theta
oscillation (4-8 Hz®) is suggested as one potential neural
correlate of the perception of threatening cues,’™* we
hypothesized that social support would reduce theta ac-
tivity and autonomic heart rate in the threat stage leading
up to painful stimulation. Importantly, we anticipated that
these changes during the threat of pain would be related
to decreased pain ratings after noxious stimulation.

Methods

Subjects

Eighteen healthy adults participated in this study (8 male
and 10 female, age range = 18-35 years, mean = 25.2,
SD =5.7). All participants were right-handed, not taking
any medication, and had no history or current diagnosis
of a neurological or a psychiatric disorder, assessed using
the Mini International Neuropsychiatric Interview.”* In-
volvement in the study required inclusion of a participant’s
close other (romantic partner, family member, or close
friend). All study participants and their close other pro-
vided informed consent and the experiment was approved
by the Alfred Hospital and Monash University Human Re-
search and Ethics Committee. This study was conducted
in accordance with the Declaration of Helsinki.

Experimental Design and Procedure

Noxious electrical stimuli were delivered under 3 con-
ditions: during hand holding of 1) the subjects’ close
acquaintance (“close other” condition), 2) a stranger
(“stranger” condition), and 3) in the absence of hand-
holding (“no-holding” condition). The stranger was a staff
member who was gender-matched to the close other (a
total of 2 staff members only were used for this role).
The close other/stranger was only present during the rel-
evant experimental condition and was instructed not to
talk or have any eye contact during the recording.

As shown in Fig 1, the experimental task consisted
of 30 trials in each condition. Each trial started with the
presentation of a fixation cross for 1 second. This was fol-
lowed by the presentation of numbers in center-screen

The Journal of Pain 497

> 6 5

2 3

o 4+ 2 1 blank rating relax

2

s

-g 1 6 0-2 1 8 6

5 Time(s)
©

Figure 1. lllustration of the experimental design.

counting down from 6 to 1, at the rate of 1 number per
second. A blank screen was then shown for between 0
to 2 seconds, which was followed by a train of painful
stimuli lasting for 1 second. This jittered interval was de-
signed to control for the habituation to the impending
stimuli. Immediately after the stimulation participants
were asked to rate pain intensity and then pain unpleas-
antness aroused by the stimuli. Participants gave a verbal
rating within 8 seconds (described in Trial-by-Trial Rating
of Painful Sensation). The participant was allowed to relax
for a further 6 seconds before commencement of the sub-
sequent trial. The duration of each condition was
approximately 10 minutes. The participant held the hand
throughout the condition when relevant. The order of
conditions were pseudorandomized and counterbal-
anced across participants.

Painful Stimuli

Before the start of each condition, individual current
levels were determined. Small electrical stimuli were
applied to the dorsum of the left little finger (Stimulus
Isolator; ADInstruments, Sydney, Australia). Trains of fifty
500-us (frequency = 50 Hz, total time = 1 second) stimuli
were applied. After each train of stimuli participants gave
a verbal pain rating between 0 and 10 (0 = no pain; 10
= worst pain imaginable). The calibration procedure
started from a very low current, for which the partici-
pants could barely feel the stimulation, then the current
was gradually increased. The calibration process was
halted when participants rated the intensity as 7.2¢ We
then repeated the current 10 more times to see if it can
consistently create a painful feeling of 7 for at least 8
times. If not, the current was increased again until it did
elicit a painful rating of 7 for 8 od 10 stimuli. This method
of pain calibration has been used in previous studies,?>3>>
and was chosen to avoid habituation to perceived threat
of pain. The calibration procedure was performed in the
absence of the close other or the stranger to avoid any
confounding influence.

Trial-by-Trial Rating of Painful Sensation
To assess perceived pain after the offset of each train
of stimuli, subjects provided pain intensity and unpleas-
antness ratings on a numerical scale ranging from 0 to
10 (pain intensity: no pain to worst pain imaginable; pain
unpleasantness: not unpleasant to most unpleasant pain
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imaginable). To associate decreased neurophysiological
threat response with pain relief (ie, a measurement of
pain reduction induced by holding the hand of a close
other or stranger compared with no-holding), we spe-
cifically computed the difference between the mean of
pain intensity in no-holding trials and the mean of pain
intensity in close other trials'®%? (or stranger trials) and
then correlated to changes in heart rate and EEG theta
activity.

Heart Rate Recording

Heart rate was monitored continuously during each of
the 3 conditions using electrocardiogram (PowerLab/
4SP; ADInstruments, Sydney, Australia). Three electrodes
were administrated to the volar surface of bilateral fore-
arms and the calf muscle of the right leg, respectively.
Data were recorded with LabChart (version 5.5.6,
ADInstruments) in the sampling rate of 1,000 Hz on a
separate computer.

EEG Recording

Recordings took place in a sound-attenuated,
temperature-controlled, and electrically shielded room.
Subjects were seated in a slightly reclined chair with face
approximately 50 cm from the computer monitor. Con-
tinuous EEG was recorded using a 64-channel Quickcap
(Neuroscan Inc, Victoria, Australia) with CPZ as the ref-
erence electrode. Vertical electro-oculogram activity was
monitored with electrodes attached above and below the
left eye, and horizontal electro-oculogram activity was
monitored with electrodes located at the outer canthus
of both eyes. Data were sampled at 1,000 Hz with im-
pedances below 5 kQ throughout the testing.

Data Analysis

For the electrocardiogram data, interbeat interval series
were derived using Pan-Tompkins algorithm that iden-
tifies the peak of the R wave as the fiducial point.*®
Artifacts were checked visually and edited as necessary
according to published guidelines.? Then interbeat in-
terval series were transformed to beat-per-minute (BPM)
series and baseline corrected (-500 to 0 ms, where time
0 represents the onset of the first countdown number)
for each trial. Specifically, percent change of BPM was
calculated using the Equation 1. This method is be-
lieved to control for individual differences in baseline
heart rate, and capture the dynamics of event-related
heart rate change in a short period.* Percent change of
BPM series were then averaged across trials for each par-
ticipant in each condition, and area under the curve (AUC)
was calculated with the linear trapezoidal rule to measure
event-related heart rate change during the presenta-
tion of countdown numbers (0-6,000 ms).?*3’ For 2
participants, heart rate recordings were unavailable due
to technical issues.

Percent change of BPM
= (BPM at each time point
— BPM mean [-500 to 0 ms])/
BPM mean (-500 to 0 ms) x 100 Q)]

Social Regulation of Pain

We then examined the correlation between heart rate
change and pain relief in the close other (or stranger)
compared with the no-holding condition. Because of the
dynamic changes of heart rate, we were particularly in-
terested in investigating the specific time windows in
which those two would correlate. To this end, a sliding
window method was used. The window length was set
as 1,000 ms with 50% of overlapping. This was chosen
as each countdown number was presented for 1,000 ms.
In each window, heart rate reduction was computed as
the difference of AUC between the no-holding and the
close other (or stranger) condition. Pearson correla-
tions were further computed to assess the relationship
of heart rate reduction and pain relief.

Offline EEG data were preprocessed using custom-
written scripts that implement functions from EEGLAB
(version 13.6.5b; see Delorme and Makeig'®) running
under Matlab R2016b (The MathWorks, Inc, Natick, MA).
Bad channels were first removed. Data were then fil-
tered (Butterworth filter, band-pass = .5-100 Hz, band-
stop = 48-52 Hz), referenced to the average reference,
and corrected for stereotyped artifacts including eye
blinks, lateral eye movements, muscle, and line noise using
the FastICA algorithm.*® Stereotyped artifacts were iden-
tified by visual inspection of the spatial and temporal
representation of the independent components. Con-
tinuous data were then segmented into 7,000-ms
nonoverlapping epochs spanning from 1,000 ms before
to 6,000 ms after the onset of the first countdown
number. Missing channels were interpolated, and epochs
were inspected again to remove any anomalous activ-
ity in the signal.

Time—frequency representations were calculated with
Hanning tapered “mtmconvol” method (7 cycles per time
window), as implemented in FieldTrip toolbox.** This
method can convolve dynamic EEG time—frequency data
with a complex wavelet, and has the advantage that the
temporal spread is fully confined to the time window of
interest. We calculated power for frequencies ranging
from 1 to 100 Hz in the time window of —1,000 to
6,000 ms. Power values were calculated for each trial, and
averaged across trials for each subject in each condi-
tion. Single-trial baseline corrections were performed with
an interval of -500 ms to 0 ms as the baseline.

We further assessed the relationship between power
changes and pain relief between conditions. Specifi-
cally, power changes were calculated as the difference
between no-holding and either close other or stranger
conditions. A sliding window method was also adopted
for the heart rate analysis, to capture the dynamic rela-
tionship between power changes and pain reduction.

Source Localization (Standardized Low
Resolution Electromagnetic Tomography
Algorithm)

Source localization was further performed to explore
the possible generators of neuronal oscillations for which
we observed significant differences across conditions. The
standardized low resolution electromagnetic tomography
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algorithm (sLORETA) is frequently used to estimate
possible generators of neuronal oscillations or evoked
potentials.”’ It finds a unique inverse solution for the cor-
tical source of scalp EEGs. Results of SLORETA have been
validated using combined EEG-positron emission tomog-
raphy and EEG-functional magnetic resonance imaging
(fMRI) data.***®

In the current study, time-varying cross-spectra were
calculated for single-trial data including baseline (-500
to 0 ms) and test intervals.?®*> Here we first limited the
test intervals to the time periods in which differences in
theta activity were observed between conditions (see the
Results section). These steps were further supplemented
by analyses in which the test intervals were extended to
the entire presentation of countdown numbers (0-
6,000 ms). Current source density of theta activity was
estimated for cortical voxels. To align the source local-
ization with the time-frequency analysis, event-related
changes of the current source density for each time frame
within the test interval were calculated as log event-
locked deviations from baseline mean.

Statistical Analyses

Repeated measures 2-way analysis of variance (ANOVA)
calculations were first performed with SPSS (version 22;
IBM Corp, Armonk, NY) on pain intensity and pain un-
pleasantness to examine the habituation to the noxious
stimuli. Pain intensity and pain unpleasantness were split
to the first and second half, respectively (15 trials in each
half), and condition (close other, stranger, no-holding),
and time (first half, second half) were specified as the
repeated measure factors. Post hoc t-tests were con-
ducted with a Bonferroni correction with the o level set
to .05.

Further, repeated measures 1-way ANOVAs were per-
formed to examine the condition difference in current
calibration, pain intensity, pain unpleasantness, and AUC
of heart rate change, respectively. Condition (close other,
stranger, no-holding) was specified as the repeated
measure factor. Post hoc t-tests were conducted with a
Bonferroni correction to further explore the significant
main effects of condition, and the o level was set to .05.

For time—frequency data, differences between condi-
tions were evaluated using a nonparametric cluster-
based permutation test. This method can be used to
compare conditions for significant spatiotemporal dif-
ferences, which provides a straightforward way to solve
the multiple comparisons problem.?® In other words, this
analysis identifies time periods and electrode clusters in
which a given frequency bin differs across conditions. This
method was applied to the time window of interest (0—
6,000 ms) in all scalp channels. An observed test statistics
value was considered in the cluster permutation if it was
below the threshold of .05 in at least 2 of the neighboring
channels.”> Further, 5,000 iterations of trial randomiza-
tion were carried out for generating the permutation
distribution at a given frequency band. A threshold of
.025 (2-tailed) was used for evaluating the electrodes that
exhibit a significant difference in power. As our a priori
hypothesis related to theta activity, statistical analysis was
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first carried out in theta band (4-8 Hz). Additional analy-
ses were performed separately in other frequency bands
(delta = 1-3 Hz, alpha =9-12 Hz, beta = 13-30 Hz, gamma
=31-100 Hz).

For sLORETA statistical differences between condi-
tions were calculated as images of voxel-by-voxel t values.
The localization of differences in cortical activity was on
the basis of the standardized electrical current density
and resulted to 3-D t score images. In these images, cor-
tical voxels of significant difference were identified using
a nonparametric approach thresholded at .05 deter-
mined by 5,000 randomizations.*’

Results
Behavioral Results

Habituation Analysis

Two-way repeated measure ANOVA revealed a main
effect of condition in pain intensity (F,3.=6.19, P <.05,
partial eta squared [n3]=.27). There was no main effect
of time (Fi17=.16, P=.69, n2=.01), or an interaction
effect of Condition x Time (F,34=2.03, P=.15, n3 =.11).
Similarly, we found a main effect of condition in pain
unpleasantness (F,34 = 5.00, P < .05, n2 =.23). There was
no main effect of time (Fy;7=.14, P=.71, n3=.01), or
the interaction effect of Condition x Time (Fy3, = 2.33,
P=.11, n5=.12). These data together confirmed the

absence of habituation. Specific comparisons between
conditions are detailed in 1-way ANOVA.

Current Calibration

A repeated measure ANOVA revealed that the main
effect of condition was not significant in the current cali-
bration (F;34 = .43, P=.65, n3 =.03), confirming that the
participants received noxious stimuli of the same current
level across 3 conditions (mean =4.71 mA, SD = 1.56 across
conditions).

Pain Intensity

A main effect of condition was found in pain inten-
sity (F234=6.24, P< .05, 15 =.27), with post hoc tests
showing that pain intensity was lower in close other (95%
confidence interval [CI] = -1.75 to —.13, P < .05) and
stranger condition (95% Cl =-1.26 to —.04, P < .05) rela-
tive to no-holding condition (Fig 2A). Close other and
stranger condition revealed no differences in pain in-
tensity (95% Cl=-1.02 to .44, P=.92).

Pain Unpleasantness

Similarly, we found a main effect of condition in pain
unpleasantness (F53=4.96, P< .05, n2 =.23). Post hoc tests
showed that pain unpleasantness was lower in the close
other relative to the no-holding condition (95% Cl =-1.51
to —.02, P < .05; Fig 2B), but no difference was found in
the stranger versus no-holding condition (95% Cl =-1.23
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Figure 2. Influence of social support on pain perception. Sub-
jective ratings of (A) pain intensity and (B) pain unpleasantness
(mean = standard error of the mean). The asterisk represents sta-
tistical significance (P < .05).

to .06, P=.10), or the close other versus stranger condi-
tion (95% Cl=-.81 to .44, P=.99).

Heart Rate Response and Relationship
With Pain

Heart rate increased with the progression of count-
down numbers in all conditions, although it appeared
to taper off between 4,500 to 6,000 ms (Fig 3A). A main
effect of condition was found in the AUC of heart
rate change (F,2s = 3.19, P < .05, 15 =.19). Post hoc tests
showed that close other condition produced less AUC than
no-holding condition (95% Cl=-7.88 to —.21, P < .05;
Fig 3B), whereas other comparisons did not reach sig-
nificance. One outlier was detected using GraphPad Prism
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(https://www.graphpad.com) thresholded at P < .05 and
consequently removed.

Results also showed that heart rate decrease induced
by close other hand-holding was associated with greater
pain relief. Pearson correlation revealed that this rela-
tionship only reached significance in the late stage of
countdown numbers presentation (3,500-6,000 ms; Fig 3C).
The results remained consistent when absolute, rather
than relative, heart rate measures were used for statis-
tical analysis (see Supplementary Fig 1). In terms of the
stranger condition, there was no significant correlation
between heart rate reduction and pain relief.

Event-Related Time-Frequency Results
and Relation to Pain

The whole-scalp cluster analysis on theta frequency re-
vealed a period (3,300-4,310 ms) during which theta
power was significantly decreased in the close other rela-
tive to no-holding condition (Fig 4A). The topography of
this power decrease had a frontal, slightly right lateral-
ized distribution (significant at AF4, F2, FZ, and FC2). A
supplementary analysis showed that there was no dif-
ference in any other frequency bands between the close
other and no-holding condition.

In terms of the relationship to pain relief (Fig 4B), modu-
lation of theta power was associated with greater pain
relief in the late stage of countdown numbers presen-
tation (3,000-5,500 ms).
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Figure 3. Heart rate change and relationship with pain relief. (A) Shows the event-related dynamic changes of heart rate with
the progression of countdown numbers. (B) Shows the AUC of heart rate changes across conditions. Each column and error bar
represent the mean and the standard error of the mean. The asterisk represents statistical significance (P < .05). (C) Shows the cor-
relation between heart rate (HR) reduction (HR [no-holding condition] — HR [close other condition]) and pain relief (pain intensity
[no-holding condition] — pain intensity [close other condition]). a.u., arbitrary unit.
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Figure 4. Social support modulates EEG theta activity during threat of pain phase. (A) Time frequency plot showing the reduc-
tion in theta power in the close other relative to no-holding condition. Cluster analysis showed that this reduction in theta power
reached significance at electrodes AF4, FZ, F2, and FC2 during 3,300 to 4,310 ms after the start of the threat phase. Areas with no
significant differences were zeroed out. (B) There was a significant correlation (below the line; P < .05) between the reduction in
theta power and subjective rating of pain relief in the same close other compared with no-holding condition. (C) Time frequency
plot showing the electrodes (P1, P3, P5, PO3) and earlier time period (1,100-1,780 ms) in which theta power was significantly reduced
in the stranger relative to no-holding condition.
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The nonparametric cluster-based permutation also
identified an early period (1,100-1,780 ms) in which theta
power was significantly decreased in the stranger rela-
tive to no-holding conditions. This power decrease was
located over left parieto-occipital regions (P1, P3, P5, and
PO3; Fig 4C). No other significant differences were ob-
served in any other frequency bands between the stranger
and no-holding condition. Moreover, this spatiotempo-
ral modulation of theta power was not associated with
pain relief.

Source Localization

Periods identified by the nonparametric cluster-
based permutation as differing significantly between
conditions were subjected to source localization proce-
dures. In the time window that theta power difference
was observed (3,300-4,310 ms), decreased source local-
ized theta activity was found in the left pregenual anterior
cingulate cortex (pgACC; Brodmann area [BA] 24, Mon-
treal Neurological Institute [MNI] coordinates: X =-5,
Y =23,Z=14,1t=-3.47, P<.05), the bilateral subgenual
anterior cingulate cortex (sgACC; BA 25, MNI coordi-
nates: X=0, Y=1,Z=-5,t=-3.55, P<.05), and the right
insula (BA 13, MNI coordinates: X=45, Y=10, Z=-5,
t=-3.44, P<.05), in the close other relative to no-
holding condition (Fig 5).

When the test interval was extended to the whole stage
of countdown numbers presentation (0-6,000 ms), de-
creased activity of the left pgACC (BA 32, MNI coordinates:
X=-5,Y=35,Z=15,t=-4.37) was observed in the close
other relative to no-holding condition (see Supplementary
Fig 2).

In another time window (1,110-1,780 ms), no brain ac-
tivation was found at P < .05, corrected for multiple
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Figure 5. Source localization of EEG theta oscillation in the time
window of 3,300 to 4,310 ms in close other versus no-holding
condition. Results were shown at P < .05, multiple comparison
corrected.
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comparisons, in the stranger relative to no-holding con-
dition. No brain activation was found when we extended
the test interval to the entire presentation of count-
down numbers (0-6,000 ms).

Discussion

Preliminary evidence has indicated a buffering process
that may link social support to pain reduction.?>>%% |n
the current study, we used a novel design to manipu-
late the threat of pain and characterize the autonomic
and neurophysiological changes within the proposed buff-
ering effect. Consistent with most of the literature, our
results show that social support alleviated the experi-
ence of pain. In addition, our data provide novel evidence
of the buffering effect in which social support reduced
heart rate and fontal theta oscillations during the threat
of pain (ie, before noxious stimulation), and that the mag-
nitude of these changes were related to greater pain
reduction. These findings provide evidence that the an-
algesic influence of social support may be driven by its
role in the modulation of the threat of pain.

Previous studies have shown that social support is able
to attenuate pain and physiological responses to painful
stimuli, including heart rate,?"" blood pressure,?'>" skin
conductance,®#° and cortisol levels.>" Building on these
findings, our data show that hand-holding with a close
acquaintance reduced pain perception (Figs 2A and 2B),
and heart rate preceding delivery of painful stimuli that
was seen in other conditions (Figs 3A and 3B). We further
found that decreased autonomic response to the threat
of pain was associated with greater pain reduction in the
presence of social support. Therefore, by assessing the
threat of pain before painful stimulation our results di-
rectly show the social-buffering effect through attenuated
autonomic arousal to pain. Moreover, this was only ob-
served in the close other but not in the stranger condition,
which further suggests a modulatory influence of rela-
tionship quality in the buffering effect.

In addition, an interesting dynamic relationship was ob-
served between the reduction in autonomic and subjective
metrics of pain experience by social support (Fig 3C). Spe-
cifically, this relationship only reached significance in the
late stage of presentation of countdown numbers (ap-
proximately 3.3-6 seconds) preceding the delivery of
noxious stimuli. A well controlled methodology was used
in the pain calibration to determine the intensity of
painful stimulation. Countdown numbers were adopted
to dynamically manipulate the threat of painful stimuli
with the intention that individuals may experience ac-
cumulated stress with the impending threat of pain. This
is supported by our results, which showed a dynamic in-
crease in heart rate in anticipation of painful stimuli
(Fig 3A). Unique to our study design, the buffering in-
fluence of social support on the autonomic response could
be tracked in the lead up to the delivery of noxious
stimuli. Furthermore, the data suggest that this change
was not simply due to somatosensory distraction (as sug-
gested by Eisenberger et al'®), because stranger hand-
holding did not decrease heart rate, which also created
somatosensory distraction. Together, these findings



502 The Journal of Pain

suggest that the buffering influence of social support on
pain experience may actually increase in value as pain
threat increases. Thus, the analgesic effect of social
support is associated with downregulating the threat-
ening quality of painful stimuli.

We also showed decreased frontal theta activity during
the threat of pain in the presence of close other hand-
holding, which provides, to our knowledge, for the first
time, the neurophysiological evidence of the social buff-
ering effect in the context of pain. Previous studies have
suggested that social support may prime safety or reward-
related brain activation (eg, ventromedial prefrontal
cortex) in the reduction of pain.’®'®52 One EEG study re-
ported that frontal theta is related to the expression of
fear,”® whereas other studies suggested that this is asso-
ciated with the experience of social distress (eg, social
exclusion).’**® Therefore, decreased frontal theta in our
protocol may represent a lower level of stress aroused
by impending painful stimuli. Importantly, decreased
frontal theta in the close other condition selectively pre-
dicted greater pain reduction when the painful
stimulation becomes more threatening (approximately
3-5.5 seconds; Fig 4B). This finding builds upon the be-
havioral and fMRI evidence in this area, by providing direct
evidence for the social buffering hypothesis in which de-
creased frontal theta activity to the threat of pain is able
to predict greater pain reduction.

However, there are other potential, although perhaps
inter-related, interpretations. Beyond threat process-
ing, frontal theta oscillation is also implicated in top-
down control®%3* and behavioral adjustment to uncertain
or aversive outcomes.”'® In the context of the present
results, an alternative explanation is therefore that frontal
theta oscillations may also reflect the effort required to
regulate the experienced distress. This may explain why
heart rate tapers off in the end of stress manipulation
when it is otherwise expected to be at its highest.

Finally we provide source localization analysis per-
formed in the theta range to examine the potential
neurological mediators generating the buffering effect.
This procedure identified event-related changes of the
current source density in the theta range that are pre-
sumed to account for the effects of social support
observed as described previously. Specifically, decreased
neural activity was found in the pgACC, sgACC, and insular
cortex (anterior as well as posterior parts) in the close
other compared with no-holding condition (Fig 5). Al-
though EEG has the advantage of high temporal
resolution, the results of EEG source localization are
limited in terms of spatial resolution, especially com-
pared with fMRI studies. Nonetheless, the results of EEG
beam-forming were highly congruent with regions of
neural activity identified in related fMRI works.*1962

It is acknowledged that the threat of pain may be highly
connected to pain experience.” The current study induced
threat of pain before painful stimulation, which was de-
signed to directly examine the social buffering effect.
However, this does not mean that they are indepen-
dent of each other. Our data support this idea by showing
high correlations between decreased neurophysiologi-
cal threat response and pain reduction in the context of
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social support. Moreover, it was not our intention to show
that heart rate and neural (EEG) activity are fully inde-
pendent, because they are likely to be at least partially
related via the hypothalamic—pituitary—adrenal axis.
Instead, the present methodology allowed us to measure
each independently and together they tell a story of
closely inter-related autonomic and regionally specific
neural changes associated with the social modulation of
pain.

Close other hand-holding did not show any advan-
tage over stranger hand-holding in decreasing pain or
suppressing neurophysiological stress systems. This is dif-
ferent from the literature, which shows the effects of
spousal hand-holding on pain reduction compared with
stranger hand-holding.>* This finding could be inter-
preted to support the evidence that the quality of a
relationship modulates the analgesic effects of social
support.’’ Indeed, several studies in this area manipu-
late social support through romantic relationships,
whereas our participants’ “close other” included not only
romantic partners, but also friends and family members.
This was done to be more reflective of the broad levels
of social support in daily life, however, these types of re-
lationships may not have the same salience as a romantic
partner and may therefore have less of an effect on buff-
ering the threat of pain.

Consistent with the literature,®3° stranger hand-
holding did not reduce pain unpleasantness (Fig 2B) or
modulate the autonomic response in anticipation of
painful stimuli (Fig 3B). However, pain intensity ratings
were decreased in the stranger relative to no-holding con-
dition (Fig 2A). This discrepancy in terms of the reduction
in pain intensity but not unpleasantness underscores the
multidimensional definition of pain experience (ie, so-
matosensory and affective-motivational dimension*’), and
further research is warranted to explore the modula-
tion of specific dimensions of pain by social support. Our
findings suggest that stranger hand-holding does not nec-
essarily provide social support to individuals in distress
as it is not able to decrease the unpleasant feelings or
physiological arousal. Nonetheless, the data indicate that
some qualities of pain experience are reduced by stranger
hand-holding and that a different mechanistic basis might
underlie this effect.

To further explore this possibility, EEG oscillation was
contrasted in the stranger with no hand-holding condi-
tion and significantly lower posterior theta was observed
(eg, parietal, occipital regions) in the early presenta-
tion of countdown numbers (Fig 4C). A number of studies
have shown the involvement of posterior theta in the
processing of stimuli of high emotional arousal (eg, emo-
tional faces), especially in the early stage of stimulus
presentation.?>? Further studies have reported an early
increase in posterior theta power during selective pro-
cessing of threatening cues.’™*>% These studies suggest
the critical role of posterior theta in selective attention
for emotionally arousing and especially threatening cues.
The reduction in posterior theta power in the present
study may therefore reflect reduced processing of threat-
ening stimuli, perhaps due to distraction or attentional
processes associated with stranger hand-holding.
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Beyond the theoretical implications, our findings may
also help understand and improve the role of social
support in chronic pain patients. Our data may provide
evidence in favor of support-assisted pain management
therapies, in which the caregiver could help pain pa-
tients reappraise pain and related conditions as less
stressful."?*2” Our results further emphasize the signifi-
cance of relationship quality as well as the quality of social
support in pain management. Factors influencing the
quality of social support, such as frequent changes in care-
givers in a pain management facility, could affect patient’s
pain outcomes. Moreover, although pain may not always
be continuous, the threat of pain may continue between
pain flares, and our data suggest that social support is
likely to have a more prolonged and meaningful effect
on patients’ pain experience through modifying the threat
of pain. However, it may be the case that our findings
using a paradigm of acute pain in healthy participants
do not generalize to chronic pain populations. In studies
of people with chronic pain, cognitive responses to pain
have been reported to be altered in chronic pain con-
ditions compared with healthy individuals (ie, pain is
perceived as more painful and threatening).'*?? It may
be that there is a ceiling effect beyond which social
support can cope. Moreover, although our behavioral out-
comes assessed the effect of social support on perceived
pain, social support may act on other aspects of the
chronic pain experience such as functional disability and
depression.>5! Further research is therefore required to
investigate the relationship and effect of social support
in chronic pain patients.

There are several limitations in the study. Despite the
significant results reported in this investigation, they are
on the basis of a relatively small sample size. The extent
to which the findings might therefore generalize to a
larger and potentially more diverse sample is not clear
and should be investigated in future studies. In addi-
tion, hand-holding was used to convey social support in
this study. However, social support is a multidimensional

References

1. Abbasi M, Dehghani M, Keefe F, Jafari H, Behtash H, Shams
J: Spouse-assisted training in pain coping skills and the
outcome of multidisciplinary pain management for chronic
low back pain treatment: A 1-year randomized controlled
trial. Eur J Pain 16:1033-1043, 2012

2. Aftanas L, Varlamov A, Pavlov S, Makhnev V, Reva N: Af-
fective picture processing: Event-related synchronization
within individually defined human theta band is modu-
lated by valence dimension. Neurosci Lett 303:115-118, 2001

3. Berntson GG, Thomas Bigger J, Eckberg DL, Grossman P,
Kaufmann PG, Malik M, Nagaraja HN, Porges SW, Saul JP,
Stone PH: Heart rate variability: Origins, methods, and in-
terpretive caveats. Psychophysiology 34:623-648, 1997

4. Bradley MM, Codispoti M, Cuthbert BN, Lang PJ: Emotion
and motivation I: Defensive and appetitive reactions in picture
processing. Emotion 1:276, 2001

5. Brown GK, Wallston KA, Nicassio PM: Social support and
depression in rheumatoid arthritis: A one-year prospective
study. J Appl Soc Psychol 19:1164-1181, 1989

The Journal of Pain 503

construct that goes beyond physical contact. Indeed, a
recent meta-analysis has shown that the influence of social
support on pain is modulated by the subject’s percep-
tion of the intention and capacity of the social partner
to provide assistance, as well as the preexisting relation-
ship between them.?' Further studies are therefore
warranted to investigate the possible effects of social
support across different contexts (ie, beyond hand-
holding), as well as factors that may affect the influence
of social support such as relationship quality. Finally, al-
though we present analysis suggesting that the neural
source of EEG activity in our data was congruent with
brain regions involved in the processing of threat and
pain,®?%4154 EEG source localization is limited in spatial
resolution, particularly in the localization of deeper brain
regions.” Future studies could consider examining this
protocol with concurrent fMRI and EEG recording.

Overall, this study extends the work of previous studies
suggesting that social support may be able to reduce pain
through modifying perceived threat of pain.'?>*%¢ |n this
study, we provided a novel manipulation to induce a
threat phase before the painful stimulation to directly
examine the social buffering effect and the dynamics
within this effect. Our findings show that social support
decreased threat-related changes in heart rate and
reduced frontal theta activity, with the magnitude of these
changes associated with greater pain reduction. Further-
more, the social buffering effect was generally stronger
and did not subside as the threat of pain increased. Our
results thus provide evidence in support of the social buff-
ering effect by showing the neural and physiological
dimensions of this effect. Together, this study provides
novel insights of the dynamics of the buffering effect of
social support on pain.

Supplementary Data

Supplementary data related to this article can be found
at https://doi.org/10.1016/j.jpain.2017.12.007.

6. Brown JL, Sheffield D, Leary MR, Robinson ME: Social
support and experimental pain. Psychosom Med 65:276-
283, 2003

7. Cano A, Gillis M, Heinz W, Geisser M, Foran H: Marital
functioning, chronic pain, and psychological distress. Pain
107:99-106, 2004

8. Cavanagh JF, Shackman AlJ: Frontal midline theta re-
flects anxiety and cognitive control: Meta-analytic evidence.
J Physiol (Paris) 109:3-15, 2015

9. Coan JA, Schaefer HS, Davidson RJ: Lending a hand social
regulation of the neural response to threat. Psychol Sci 17:
1032-1039, 2006

10. Cohen S, Underwood LG, Gottlieb BH (eds): Social Support
Measurement and Intervention: A Guide for Health and Social
Scientists. New York, NY, Oxford University Press, 2000

11. Cohen S, Wills TA: Stress, social support, and the buff-
ering hypothesis. Psychol Bull 98:310, 1985

12. Corley AM, Cano A, Goubert L, Vlaeyen JW, Wurm LH:
Global and situational relationship satisfaction moderate the


https://doi.org/10.1016/j.jpain.2017.12.007
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0010
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0010
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0010
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0010
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0010
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0015
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0015
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0015
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0015
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0020
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0020
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0020
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0020
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0025
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0025
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0025
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0030
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0030
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0030
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0035
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0035
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0035
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0040
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0040
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0040
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0045
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0045
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0045
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0050
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0050
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0050
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0055
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0055
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0060
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0060
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0065
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0065

504 The Journal of Pain

effect of threat on pain in couples. Pain Med 17:1664-
1675, 2016

13. Cristofori I, Moretti L, Harquel S, Posada A, Deiana G,
Isnard J, Mauguiere F, Sirigu A: Theta signal as the neural
signature of social exclusion. Cereb Cortex 23:2437-2447, 2012

14. Crombez G, Hermans D, Adriaensen H: The emotional
stroop task and chronic pain: What is threatening for chronic
pain sufferers? Eur J Pain 4:37-44, 2000

15. DelLaRosa BL, Spence JS, Shakal SK, Motes MA, Calley
CS, Calley VI, Hart J, Kraut MA: Electrophysiological spatio-
temporal dynamics during implicit visual threat processing.
Brain Cogn 91:54-61, 2014

16. Delorme A, Makeig S: EEGLAB: An open source toolbox
for analysis of single-trial EEG dynamics including indepen-
dent component analysis. J Neurosci Methods 134:9-21, 2004

17. Edwards R, Eccleston C, Keogh E: Observer influences on
pain: An experimental series examining same-sex and
opposite-sex friends, strangers, and romantic partners. Pain
158:846-855, 2017

18. Eisenberger NI, Cole SW: Social neuroscience and health:
Neurophysiological mechanisms linking social ties with physi-
cal health. Nat Neurosci 15:669-674, 2012

19. Eisenberger NI, Master SL, Inagaki TK, Taylor SE, Shirinyan
D, Lieberman MD, Naliboff BD: Attachment figures acti-
vate a safety signal-related neural region and reduce pain
experience. Proc Natl Acad Sci U S A 108:11721-11726, 2011

20. Fan J, Gu X, Liu X, Guise KG, Park Y, Martin L, de
Marchena A, Tang CY, Minzenberg MJ, Hof PR: Involve-
ment of the anterior cingulate and frontoinsular cortices in
rapid processing of salient facial emotional information.
Neuroimage 54:2539-2546, 2011

21. Fishman E, Turkheimer E, DeGood DE: Touch relieves stress
and pain. J Behav Med 18:69-79, 1995

22. Gatchel RJ, Peng YB, Peters ML, Fuchs PN, Turk DC:
The biopsychosocial approach to chronic pain: Scientific
advances and future directions. Psychol Bull 133:581, 2007

23. Gonzalez-Roldan AM, Martinez-Jauand M, Mufoz-
Garcia MA, Sitges C, Cifre |, Montoya P: Temporal dissociation
in the brain processing of pain and anger faces with differ-
ent intensities of emotional expression. Pain 152:853-859,
2011

24. Guillory J, Chang P, Henderson CR Jr, Shengelia R, Lama
S, Warmington M, Jowza M, Waldman S, Gay G, Reid MC:
Piloting a text message-based social support intervention for
patients with chronic pain: Establishing feasibility and pre-
liminary efficacy. Clin J Pain 31:548-556, 2015

25. Holtzman S, DeLongis A: One day at a time: The impact
of daily satisfaction with spouse responses on pain, nega-
tive affect and catastrophizing among individuals with
rheumatoid arthritis. Pain 131:202-213, 2007

26. Ibinson JW, Vogt KM, Taylor KB, Dua SB, Becker CJ, Loggia
M, Wasan AD: Optimizing and interpreting insular func-
tional connectivity maps obtained during acute experimental
pain: The effects of global signal and task paradigm regres-
sion. Brain Connect 5:649-657, 2015

27. Keefe FJ, Caldwell DS, Baucom D, Salley A, Robinson E,
Timmons K, Beaupre P, Weisberg J, Helms M: Spouse-
assisted coping skills training in the management of knee

Social Regulation of Pain

pain in osteoarthritis: Long-term followup results. Arthritis
Rheum 12:101-111, 1999

28. Kleck RE, Vaughan RC, Cartwright-Smith J, Vaughan KB,
Colby CZ, Lanzetta JT: Effects of being observed on expres-
sive, subjective, and physiological responses to painful stimuli.
J Pers Soc Psychol 34:1211, 1976

29. Knyazev G, Slobodskoj-Plusnin J, Bocharov A: Event-
related delta and theta synchronization during explicit and
implicit emotion processing. Neuroscience 164:1588-1600,
2009

30. Korhonen RJ, Hernandez-Pavon JC, Metsomaa J, Maki
H, llImoniemi RJ, Sarvas J: Removal of large muscle artifacts
from transcranial magnetic stimulation-evoked EEG by in-
dependent component analysis. Med Biol Eng Comput 49:
397-407, 2011

31. Krahé C, Springer A, Weinman JA, Fotopoulou A:
The social modulation of pain: Others as predictive signals
of salience-a systematic review. Front Hum Neurosci 7:386,
2013

32. Lapate RC, Lee H, Salomons TV, van Reekum CM,
Greischar LL, Davidson RJ: Amygdalar function reflects
common individual differences in emotion and pain regu-
lation success. J Cog Neurosci 24:148-158, 2012

33. Lee JE, Kahana B, Kahana E: Social support and cogni-
tive functioning as resources for elderly persons with chronic
arthritis pain. Aging Ment Health 20:370-379, 2016

34. Logier R, Jeanne M, Tavernier B: Pain/analgesia evalu-
ation using heart rate variability analysis. Conf Proc IEEE Eng
Med Biol Soc 4303-4306, 2006

35. Longe S, Wise R, Bantick S, Lloyd D, Johansen-Berg H,
McGlone F, Tracey I: Counter-stimulatory effects on pain per-
ception and processing are significantly altered by attention:
An fMRI study. Neuroreport 12:2021-2025, 2001

36. Lopez-Martinez AE, Esteve-Zarazaga R, Ramirez-Maestre
C: Perceived social support and coping responses are inde-
pendent variables explaining pain adjustment among chronic
pain patients. J Pain 9:373-379, 2008

37. Mager DE, Wan R, Brown M, Cheng A, Wareski P,
Abernethy DR, Mattson MP: Caloric restriction and inter-
mittent fasting alter spectral measures of heart rate and
blood pressure variability in rats. FASEB J 20:631-637, 2006

38. Maris E, Oostenveld R: Nonparametric statistical testing
of EEG-and MEG-data. J Neurosci Methods 164:177-190, 2007

39. Master SL, Eisenberger NI, Taylor SE, Naliboff BD,
Shirinyan D, Lieberman MD: A picture’s worth partner pho-
tographs reduce experimentally induced pain. Psychol Sci 20:
1316-1318, 2009

40. Melzack R, Casey KL: Sensory, motivational and central
control determinants of pain, in Kenshalo DR (ed): The Skin
Senses. Springfield, C C Thomas, 1968, pp 423-443

41. Mobbs D, Marchant JL, Hassabis D, Seymour B, Tan G,
Gray M, Petrovic P, Dolan RJ, Frith CD: From threat to fear:
The neural organization of defensive fear systems in humans.
J Neurosci 29:12236-12243, 2009

42. Moont R, Crispel Y, Lev R, Pud D, Yarnitsky D: Tempo-
ral changes in cortical activation during conditioned pain
modulation (CPM), a LORETA study. Pain 152:1469-1477, 2011


http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0065
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0070
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0070
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0070
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0075
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0075
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0075
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0080
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0080
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0080
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0080
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0085
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0085
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0085
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0090
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0090
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0090
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0090
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0095
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0095
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0095
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0100
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0100
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0100
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0100
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0105
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0105
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0105
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0105
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0105
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0110
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0110
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0115
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0115
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0115
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0120
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0120
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0120
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0120
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0120
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0125
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0125
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0125
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0125
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0125
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0130
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0130
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0130
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0130
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0135
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0135
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0135
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0135
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0135
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0140
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0140
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0140
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0140
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0140
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0145
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0145
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0145
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0145
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0150
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0150
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0150
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0150
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0155
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0155
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0155
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0155
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0155
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0160
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0160
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0160
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0160
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0165
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0165
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0165
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0165
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0170
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0170
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0170
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0175
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0175
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0175
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0180
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0180
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0180
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0180
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0185
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0185
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0185
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0185
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0190
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0190
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0190
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0190
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0195
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0195
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0200
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0200
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0200
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0200
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0205
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0205
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0205
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0210
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0210
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0210
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0210
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0215
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0215
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0215

Che et al

43. Mueller EM, Panitz C, Hermann C, Pizzagalli DA: Pre-
frontal oscillations during recall of conditioned and
extinguished fear in humans. J Neurosci 34:7059-7066, 2014

44. Mulert C, Jager L, Schmitt R, Bussfeld P, Pogarell O, Méller
HJ, Juckel G, Hegerl U: Integration of fMRI and simultane-
ous EEG: Towards a comprehensive understanding of
localization and time-course of brain activity in target de-
tection. Neuroimage 22:83-94, 2004

45. Oostenveld R, Fries P, Maris E, Schoffelen JM: FieldTrip:
Open source software for advanced analysis of MEG, EEG,
and invasive electrophysiological data. Comput Intell Neurosci
156869:2011, 2011

46. Pan J, Tompkins WJ: A real-time QRS detection algo-
rithm. IEEE Trans Biomed Eng 230-236, 1985

47. Pascual-Marqui RD: Standardized low-resolution brain
electromagnetic tomography (sLORETA): technical details.
Methods Find Exp Clin Pharmacol 24:5-12, 2002

48. Pizzagalli DA, Greischar LL, Davidson RJ: Spatio-temporal
dynamics of brain mechanisms in aversive classical
conditioning: High-density event-related potential and brain
electrical tomography analyses. Neuropsychologia 41:184-
194, 2003

49. Platow MJ, Voudouris NJ, Gilford N, Jamieson R, Najdovski
L, Papaleo N, Pollard C, Terry L: In-group reassurance in a
pain setting produces lower levels of physiological arousal:
Direct support for a self-categorization analysis of social in-
fluence. Eur J Soc Psychol 37:649-660, 2007

50. Reicherts P, Wiemer J, Gerdes A, Schulz SM, Pauli P,
Wieser MJ: Anxious anticipation and pain: The influence of
instructed vs conditioned threat on pain. Soc Cogn Affect
Neurosci 12:544-554, 2017

51. Roberts MH, Klatzkin RR, Mechlin B: Social support at-
tenuates physiological stress responses and experimental pain
sensitivity to cold pressor pain. Ann Behav Med 49:557-
569, 2015

52. Salomons TV, Johnstone T, Backonja MM, Davidson RJ:
Perceived controllability modulates the neural response to
pain. J Neurosci 24:7199-7203, 2004

The Journal of Pain 505

53. Sheehan D, Lecrubier Y: (eds): MINI SCREEN 5.0. 0. Tampa,
University of South Florida, 2006

54. Straube T, Schmidt S, Weiss T, Mentzel HJ, Miltner WH:
Dynamic activation of the anterior cingulate cortex during
anticipatory anxiety. Neuroimage 44:975-981, 2009

55. Sun J, Sun B, Wang B, Gong H: The processing bias for
threatening cues revealed by event-related potential and
event-related oscillation analyses. Neuroscience 203:91-98,
2012

56. Uchino BN: Social support and health: A review of physi-
ological processes potentially underlying links to disease
outcomes. J Behav Med 29:377-387, 2006

57. Uchino BN: Understanding the links between social
support and physical health: A life-span perspective with em-
phasis on the separability of perceived and received support.
Perspect Psychol Sci 4:236-255, 2009

58. van Noordt SJ, White LO, Wu J, Mayes LC, Crowley MJ:
Social exclusion modulates event-related frontal theta and
tracks ostracism distress in children. Neuroimage 118:248-
255, 2015

59. Vlaeyen JW, Hanssen M, Goubert L, Vervoort T, Peters
M, van Breukelen G, Sullivan MJ, Morley S: Threat of pain
influences social context effects on verbal pain report and
facial expression. Behav Res Ther 47:774-782, 2009

60. Waltz M, Kriegel W, Bosch PV: The social environment
and health in rheumatoid arthritis: Marital quality predicts
individual variability in pain severity. Arthritis Rheum 11:
356-374, 1998

61. Weinberger M, Tierney WM, Booher P, Hiner SL: Social
support, stress and functional status in patients with osteo-
arthritis. Soc Sci Med 30:503-508, 1990

62. Younger J, Aron A, Parke S, Chatterjee N, Mackey S:
Viewing pictures of a romantic partner reduces experimen-
tal pain: Involvement of neural reward systems. PLoS One
5:e13309, 2010

63. Zhang D, Wang L, Luo Y, Luo Y: Individual differences
in detecting rapidly presented fearful faces. PLoS One
7:€49517, 2012


http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0220
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0220
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0220
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0225
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0225
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0225
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0225
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0225
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0230
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0230
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0230
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0230
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0235
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0235
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0240
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0240
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0240
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0245
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0245
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0245
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0245
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0245
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0250
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0250
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0250
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0250
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0250
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0255
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0255
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0255
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0255
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0260
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0260
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0260
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0260
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0265
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0265
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0265
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0270
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0270
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0275
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0275
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0275
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0280
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0280
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0280
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0280
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0285
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0285
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0285
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0290
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0290
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0290
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0290
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0295
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0295
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0295
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0295
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0300
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0300
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0300
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0300
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0305
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0305
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0305
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0305
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0310
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0310
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0310
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0315
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0315
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0315
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0315
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0320
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0320
http://refhub.elsevier.com/S1526-5900(17)30816-7/sr0320

	 The Social Regulation of Pain: Autonomic and Neurophysiological Changes Associated With Perceived Threat
	 Methods
	 Subjects
	 Experimental Design and Procedure
	 Painful Stimuli
	 Trial-by-Trial Rating of Painful Sensation
	 Heart Rate Recording
	 EEG Recording
	 Data Analysis
	 Source Localization (Standardized Low Resolution Electromagnetic Tomography Algorithm)
	 Statistical Analyses

	 Results
	 Behavioral Results
	 Habituation Analysis
	 Current Calibration
	 Pain Intensity
	 Pain Unpleasantness

	 Heart Rate Response and Relationship With Pain
	 Event-Related Time–Frequency Results and Relation to Pain
	 Source Localization

	 Discussion
	 Supplementary Data
	 References


