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Abstract

Objective

There is a general agreement that physical pain serves as an alarm signal for the prevention
of and reaction to physical harm. It has recently been hypothesized that “social pain,” as
induced by social rejection or abandonment, may rely on comparable, phylogenetically old
brain structures. As plausible as this theory may sound, scientific evidence for this idea is
sparse. This study therefore attempts to link both types of pain directly. We studied patients
with borderline personality disorder (BPD) because BPD is characterized by opposing alter-
ations in physical and social pain; hyposensitivity to physical pain is associated with hyper-
sensitivity to social pain, as indicated by an enhanced rejection sensitivity.

Method

Twenty unmedicated female BPD patients and 20 healthy participants (HC, matched for
age and education) played a virtual ball-tossing game (cyberball), with the conditions for
exclusion, inclusion, and a control condition with predefined game rules. Each cyberball
block was followed by a temperature stimulus (with a subjective pain intensity of 60% in half
the cases). The cerebral responses were measured by functional magnetic resonance
imaging. The Adult Rejection Sensitivity Questionnaire was used to assess rejection
sensitivity.

Results

Higher temperature heat stimuli had to be applied to BPD patients relative to HCs to reach a
comparable subjective experience of painfulness in both groups, which suggested a general
hyposensitivity to pain in BPD patients. Social exclusion led to a subjectively reported hyper-
sensitivity to physical pain in both groups that was accompanied by an enhanced activation
in the anterior insula and the thalamus. In BPD, physical pain processing after exclusion was
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additionally linked to enhanced posterior insula activation. After inclusion, BPD patients
showed reduced amygdala activation during pain in comparison with HC. In BPD patients,
higher rejection sensitivity was associated with lower activation differences during pain pro-
cessing following social exclusion and inclusion in the insula and in the amygdala.

Discussion

Despite the similar behavioral effects in both groups, BPD patients differed from HC in their
neural processing of physical pain depending on the preceding social situation. Rejection
sensitivity further modulated the impact of social exclusion on neural pain processing in
BPD, but not in healthy controls.

Introduction

Physical pain serves as an alarm signal for the prevention of and reaction to physical harm.
The experience of being ostracized causes different emotions, which are also often described as
hurting and painful, and may similarly signal a potentially harmful situation. Physical pain is
defined as the reaction to (possibly) body-damaging stimuli (International Association for
Studying Pain, IASP), and social pain signals the (potential) occurrence of social exclusion that
would threaten the fundamental human needs of belonging, self-esteem, control, and a mean-
ingful existence [1, 2]. Correspondingly, Eisenberger et al. [3] suggested a common, phyloge-
netically old pathway for both response patterns.

In healthy participants, Eisenberger et al. [3] found that social exclusion led to an activation
of the dorsal anterior cingulate cortex (dAACC), the anterior insula, and the right ventrolateral
prefrontal cortex (VIPFC). Because these brain regions are associated with the experience and
regulation of physical pain distress, Eisenberger et al. [3] proposed that social pain is processed
by the same functional brain network. A recent meta-analysis of neuronal correlates to social
rejection confirmed the activation of the anterior insula during rejection. This analysis did not
support an engagement of the dorsal ACC and vIPFC, but it found activation in more ventral
parts of the ACC and the inferior frontal cortex [4]. Kross et al. [5] were the first to compare
the experience of physical and social pain in healthy participants directly by using a within-
subject design. In accordance with the meta-analysis by Cacioppo et al. [4], they found a shared
activation in the anterior insula as well as an engagement of the dACC during the processing of
both physical and social pain. They also reported overlapping activation in brain regions that
are generally relevant for the processing of the sensory characteristics of pain, i.e., in the thala-
mus and the secondary somatosensory cortex.

Based on the idea of shared functional networks, several studies on healthy participants
have focused on the modulating effect of social rejection on the experience of physical pain and
have revealed heterogeneous findings. Eisenberger et al. [6] reported that enhanced experiences
of exclusion go along with increasing pain sensitivity, whereas DeWall & Baumeister [7]
reported reduced pain sensitivity after the experimental induction of exclusion. After reviewing
the literature and the applied paradigms to induce experiences of exclusion, Bernstein & Clay-
pool [8] proposed a severity hypothesis in which the intensity of social rejection modulates
pain processing. An analog to physical pain, in which mild injuries increase the pain experience
but severe injuries lead to analgesia, the investigators propose that mild forms of social exclu-
sion enhance sensitivity to physical pain, whereas more severe forms reduce sensitivity to phys-
ical pain. In a subsequent experimental study, the authors were able to support that hypothesis
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[8]. Because this finding suggests that the severity of the exclusion experience is a relevant fac-
tor in the interplay between social and physical pain, individual differences in the sensitivity to
rejection and thus the strength of the effects of an experimentally induced exclusion seem
important. Downey & Feldman [9] introduced the concept of rejection sensitivity as follows: a
cognitive-affective disposition of individuals that differentiates between subjects in the severity
with which they expect, perceive, and react to social rejection.

However, when investigating the influence of social rejection on physical pain, only a single
study so far has accounted for the individual level of rejection sensitivity [10]. In this study,
only participants with high levels of rejection sensitivity showed reduced sensitivity to pain,
i.e., enhanced pain thresholds and reduced discomfort ratings after the experience of social
exclusion compared with inclusion. In contrast, participants with low levels of rejection sensi-
tivity were more sensitive to pain after social exclusion in the form of a reduced pain tolerance
[10]. In addition, evidence from a genetic study also emphasizes the link between physical pain
sensitivity and rejection sensitivity [11], in that the A118G polymorphism of the mu-opioid
receptor gene, which has previously been linked to enhanced pain sensitivity, was also associ-
ated with greater rejection sensitivity. Taken together, these findings underline the importance
of rejection sensitivity in the interplay between physical and social pain.

With regards to the hypothesized close connection between physical and social pain, bor-
derline personality disorder (BPD) constitutes a pathological state of particular interest; the
pain systems seem to be dissociated in this disorder, i.e., a hyposensitivity to physical pain [12]
goes along with a hypersensitivity to social pain [13, 14].

Several studies have revealed reduced physical pain sensitivity in BPD, i.e., enhanced pain
thresholds and tolerance as well as reduced pain intensity ratings compared with healthy con-
trols [12, 15-19]. The observed alterations in subjective experience go along with alterations on
the neuronal level, which have been found in cerebral regions that were linked to the affective
and cognitive-motivational component of pain processing. Schmahl et al. [12] observed a
reduced activation in the ventral ACC (vACC) and the right amygdala during pain processing,
and both were associated with the affective pain component in BPD patients compared with
healthy control subjects (HC) [20]. The authors also observed a reduced activation in the poste-
rior parietal cortex (PPC) and an increased activation in the left dorsolateral prefrontal cortex
(dIPFC), which are both relevant for the cognitive-evaluative component of pain [21, 22].
However, several studies suggest that the sensory-discriminative component of pain process-
ing, unlike the affective and cognitive components, is not affected in BPD [18, 23, 24]. Only
one study has reported reduced discriminative abilities in a sub-group of BPD patients, with
analgesia reported during self-injurious behavior (SIB) compared with BPD patients who were
experiencing pain during SIB and with non-clinical control subjects [25]. In summary, these
findings suggest that hyposensitivity to pain in BPD is primarily linked to alterations in the
affective and cognitive-motivational pain components.

In contrast to their hyposensitivity to physical pain, BPD patients are characterized by a
hypersensitivity to social pain [13, 14]. This trend is partly reflected by enhanced rejection sen-
sitivity, which is a personality trait consisting of concerns regarding social rejection and low
expectancy towards social acceptance [9]. In the rejection sensitivity questionnaire (RSQ; [9]),
BPD patients report a greater tendency to expect and perceive rejection in social situations and
to be more concerned about these experiences compared with healthy individuals and patients
with mood or anxiety disorders [26, 27]. Because of this enhanced expectation of exclusion,
objective situations of inclusion may also be challenging for BPD patients because these situa-
tions may be highly unexpected. Experimental studies that employ the cyberball paradigm [28]
support this idea and point to a biased perception of social interactions. In the cyberball para-
digm [28], participants take part in an online ball-tossing game with virtual partners. The
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participants are told that they are playing with other study participants, but in fact, the co-play-
ers are pre-programmed by the experimenter to either include or exclude the subject. Com-
pared with the HC, BPD patients experience stronger feelings of exclusion during the cyberball
inclusion condition as well as under a control condition, during which the interaction follows
predefined rules and is not determined by the motivation of the co-players [14, 26]. The first
data also indicate alterations in cerebral processing during the cyberball paradigm in BPD in
comparison with healthy controls. BPD patients showed an unspecific hyperactivation in the
dACC and parts of the dorsal medial prefrontal cortex (dmPFC) compared with the HC [26,
29]. In healthy subjects, the engagement of the insula, the more anterior part of the dmPFC,
the precuneus, and the dIPFC were modulated by the nature of the preceding social interaction,
and no comparable effect was observed in BPD patients [26, 29].

Studies combining both types of pain as well as studies linking physical pain to rejection
sensitivity are still missing in BPD studies. The aim of the present study was to investigate the
influence of social pain on physical pain in BPD by measuring physical and social pain in the
same individuals as well as exploring the influence of rejection sensitivity within this relation.

We applied the cyberball paradigm in combination with the application of painful heat sti-
muli during a functional Magnetic Resonance Imaging (fMRI) block design. Findings regard-
ing social pain have been reported in Domsalla et al. [26]. Their analyses revealed that the
subjective experience of exclusion was significantly higher during the exclusion compared with
the inclusion or the control condition with predefined rules in both BPD patients and HC. As
expected, the experience of inclusion was significantly higher during the inclusion and the con-
trol condition compared with the exclusion condition. This finding suggests that the experi-
mental manipulations successfully induced the experience of social exclusion and inclusion. In
addition, BPD patients differed from HCs during the inclusion and the control condition.
Under these conditions, BPD patients reported stronger feelings of exclusion and lower ratings
of inclusion compared with HC. By contrast, BPD patients did not differ significantly from HC
in the exclusion or inclusion experiences during the social exclusion condition [26]. Taken
together, these findings provide evidence for a biased perception of social belonging in positive
or ‘neutral’ social situations [26].

The present study focuses on whether a preceding social interaction situation influences the
subjective experience and the cerebral processing of physical pain, and whether rejection sensi-
tivity modulates the difference between pain processing after social exclusion and inclusion in
BPD. In this context, we tried to answer the following four research questions:

1. Can we replicate the previous findings of reduced pain sensitivity in BPD patients?

Here, we hypothesized that a temperature stimulus with a higher objective temperature is
necessary to induce physical pain in BPD patients. According to previous findings [12], we
expect to find differences in brain activation during pain processing that are independent of
the preceding social interaction. We hypothesized that brain areas with reduced activation
would be linked to the affective pain component, such as the vACC and the amygdala, and
with enhanced activation, they would be located in areas related to the cognitive-motivational
pain component, such as the dIPFC during pain in BPD patients compared with HC.

2. Does social exclusion lead to a hypersensitivity to pain when measured in comparison
with social inclusion or a control condition with predefined rules?

Because HC and BPD patients experience stronger exclusion during the exclusion condition
compared with the inclusion and control conditions [26], and because cyberball is evaluated as
a mild form of rejection [8], we hypothesized that HC and BPD patients would experience
higher pain ratings after social exclusion. These higher pain ratings should go along with
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enhanced activation during pain after exclusion compared with the inclusion and the control
condition in pain-related brain regions.

3. Do BPD patients differ from HC in the way in which they experience physical pain after
social exclusion, social inclusion, and a control condition with predefined rules on a sub-
jective level and on the neuronal level?

We expected to identify group differences in the experience and neuronal processing of
physical pain in BPD after the experience of social exclusion. Because of the enhanced experi-
ence of exclusion during the inclusion and the control condition in the patient group (see
[26]), we were also interested in finding whether the effects of these interaction situations on
subsequent pain processing are altered in BPD.

4. Does rejection sensitivity influence the experience and neuronal processing of physical
pain after social exclusion and inclusion?

Because rejection sensitivity influences the way people experience exclusion, and because pain
experiences seem to be altered after exclusion in a way that is dependent on the level of rejection
sensitivity [10], we expected to find associations between the RS level and the experience as well
as neuronal processing of physical pain after applying the different cyberball conditions.

Methods and Material

Subjects

Twenty female patients who met the DSM-IV-criteria for BPD (aged 28.7 years, SD = 7.8) and
twenty healthy female participants (HC) without any lifetime or current psychiatric diagnosis
(aged 29.2 years, SD = 7.5) participated in our study (see also [26]). We recruited the patients
from our department database, and the HCs were contacted by newspaper advertisement. All
patients were outpatients at the time of the investigation. The subject groups were matched for
age and educational level. We included participants between 18 and 45 years. The general
exclusion criteria were a lifetime history of psychotic disorder, current major depression, pres-
ent substance abuse or addiction, pregnancy, organic brain disease, a history of skull or brain
damage, severe neurological illnesses, current use of psychotropic medication, metal in the
body, left-handedness, and claustrophobia. The International Personality Disorder Examina-
tion (IPDE, [30]; interrater reliability: x = .69) was conducted by trained clinical psychologists
to assess the BPD diagnosis. An N = 10 out of N = 20 fulfilled the IPDE criterion of self-harm
behavior in our BPD sample. Co-morbid DSM-1V axis-I disorders were assessed by using the
German version of the Structured Interview for DSM-IV (SCID-I, [31]; interrater reliability: «
=.77). We applied several self-rating-questionnaires to assess the borderline symptom severity
(Borderline-Symptom-List, BSL; [32]), general psychopathology (Brief Symptom Inventory
(BSL [33]), and depressive symptoms (BDI; [34]). Additionally, we assessed rejection sensitiv-
ity (Adult Rejection Sensitivity Questionnaire, A-RSQ; [9, 35]) as a relevant personality trait.
Table 1 contains the relevant subject characteristics. This study followed the Declaration of
Helsinki and was approved by the Research Ethics Board of the University of Heidelberg. Each
participant provided written informed consent prior to study participation.

Functional and Structural MRI Acquisition

A Siemens TRIO-3T MRI scanner (Siemens Medical Systems, Erlangen, Germany) was used to
obtain brain images. High resolution anatomical scans using a T1-weighted 3-D magnetiza-
tion-prepared-rapid-acquisition-gradient-echo (1x1x1 mm? voxel size) were acquired for each
participant. The blood oxygen level-dependent (BOLD) signal was measured by using
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Table 1. Demographic and clinical variables in patients with borderline personality disorder (BPD)
and in healthy controls (HC) with results of the t-tests (independent, two-tailed).

BPD-patients HC BPD vs. HC
(independent
t-test)
n Mean SD n Mean SD T P

Age 20 29.2 7.5 20 28.7 7.8 -0.2 .800

Years of education 20 121 15 20 12.1 1.5 0.0 1.000

RSQ 20 141 5.0 20 5.5 2.7 -6.8 <.001

BSL 20 1.6 0.6 19 0.2 0.2 -9.7 <.001

BDI 20 18.1 9.9 20 2.3 2.9 -6.8 <.001

BSI 20 1.3 0.5 19 0.2 0.2 -8.4 <.001

Comorbidity current lifetime

Major depression 0 18

Bipolar-II 0 2

PTSD 5 5

Panic Disorder 1 5

Social Phobia 5 7

Specific Phobia 5 6

OoCD 1 4

Bulimia 1 4

Anorexia 0 4

Substance Abuse/ Dependence 0 7

PTSD, Posttraumatic Stress Disorder; OCD, Obsessive-Compulsive Disorder

doi:10.1371/journal.pone.0133693.t001

T2-weighted gradient echo planar imaging (EPI) with the following protocol parameters: field
of view = 192x192 mm?, voxel size = 3x3x3 mm?, echo time = 30 ms, TR = 2000 ms, number of
slices = 36, slice thickness = 3 mm, and matrix = 64x64. To minimize the T1 effects, the first
five scans were discarded.

Experimental design and tasks

Within an fMRI block design, the subjects played a total of 18 blocks of a virtual ball tossing
game (cyberball, [3, 28, 36]) with two virtual partners (see [26]). Each ball tossing block was
followed by the administration of either a painful (subjective pain intensity = 60%) or non-
painful temperature stimulus. The subjects were then asked to assess the pain intensity of the
temperature stimulus and the subjective experience of being excluded and included during ball
tossing as well as their level of inner tension and dissociative symptoms. The cyberball and
temperature stimuli conditions were presented in a pseudorandom order. Presentation (Neu-
roBehavioral Systems, Inc; Berkeley, CA, USA) was used as experimental control software. A
LumiTouch fMRI Optical Response Keypad (Photon Control Inc.; Burnaby, BC, Canada) was
used as a patient response system.

Induction of social exclusion with the cyberball paradigm

All subjects played the ball-tossing game under three conditions. During social exclusion, par-
ticipants received the ball only once at the beginning of each block and were excluded during
the rest of the ball tossing block. During social inclusion, all participants received an equal
number of ball tosses. To assess the influence of ascribed intentionality during the inclusion
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condition, we added a control condition with predefined game rules during which the partici-
pants also received an equal number of ball tosses. Under this condition, the sequence of ball
tosses could not be freely chosen. Participants were instructed to toss the ball only to their
right, or only to their left partner. Thus, receiving or not receiving a boll toss under this condi-
tion could, at least objectively, not be ascribed to the actual intention of the other virtual part-
ner. Each subject underwent 6 blocks per condition (mean duration 30 s), which resulted in a
total of 18 blocks of cyberball. To increase the ecological validity, photos of the alleged co-play-
ers were presented throughout the ball tossing game (see [28]).

Pain application

Temperature stimuli (duration 30 s) were delivered to the inner side of the left forearm by
using a thermode (3x3 cm?) controlled by a quantitative sensory tester (TSA-IT; Medoc
Advanced Medical Systems, Ramat Yishai, Israel). For pain stimuli, the temperature was cho-
sen individually to correspond to 60% pain intensity on a visual analog scale (VAS). A neutral
temperature stimulus (32°C) served as the control condition. Pain and warmth stimuli were
presented equally often after each cyberball condition in a pseudo-randomized order.

A pain intensity of 60% was determined by following a standard procedure prior to the
experiment; the stimulation temperature started at 37°C in time blocks of 30 seconds, oscillat-
ing +/- 1°C, and was increased in 1°C steps (above 41°C, in 0.5°C steps) until a subjective pain
intensity of 60% was reached.

Subjective Ratings during the experiment

To assess the experience of social exclusion after each temperature stimulation, the subjects
had to rate their feelings of exclusion and inclusion and the percentage of received ball tosses as
well as the extent of inner tension, dissociative symptoms (DSS-4; [37]), and the painfulness of
the temperature stimulus. The ratings were assessed on an 11-point-visual scale ranging from
“not at all” to “very strong” (0% to 100% for number of ball-tosses, respectively). The results
for the experiences of social exclusion and inclusion, dissociation, and inner tension are
reported in Domsalla et al. [26].

Data analysis

Behavioral data. Differences in the subjective pain ratings of the painful stimuli after the
cyberball conditions were tested by using 2x3-repeated-measure analyses of variance with a
‘group’ between-subject factor (HC and BPD) and a ‘cyberball condition’ within-subject factor
(exclusion, inclusion, and control). To analyze the interaction effects further, post-hoc tests
with Bonferroni correction for multiple comparisons were applied. Group differences in per-
sonality traits (rejection sensitivity and self-esteem) as well as differences in the pain tempera-
tures corresponding to 60% pain intensity were calculated by using two-sample t-tests.
Moderator analyses were used to test associations between subjective ratings, personality traits,
and brain activations by considering the group as a potential modulating factor. The analyses
were conducted by using the PROCESS macro written by Andrew F. Hayes [38], which can be
implemented in SPSS, and it is based on an ordinary least squares regression. SPSS (SPSS Sta-
tistics 20; IBM Corporation, Armonk, New York, USA) was used as statistical software.

fMRI data. Functional imaging data were analyzed by using the standard procedures that
were implemented in the statistical parametric mapping software package (SPM8; Welcome
Department of Cognitive Neurology, London, UK). The preprocessing of the EPI time series
was conducted by following custom practice (with a slice time correction and spatial realign-
ment to correct for head motion and co-registration onto participants’ T1-scan; normalization
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to the standard brain of the Montral Neurological Institute (MNI) space; resampling to 3x3x3
mm?® voxels; and smoothing with a Gaussian kernel with a full-width at half the maximum of 9
mm). For regressors to model the first level analysis, we used the following factors: 3 regressors
for the cyberball blocks exclusion, inclusion, and control; 3 regressors for the pain blocks after
the different cyberball conditions; 3 regressors for the non-painful temperature blocks after the
different cyberball conditions; and 1 regressor modeling key press. The relevant first-level-con-
trast images were entered into a second level analysis full-factorial-model. The effects of social
exclusion on pain processing were analyzed in a 2x3x2-factorial model (‘group’ x ‘cyberball
condition’ x ‘temperature’), which included six contrasts (two options: ‘pain’ and ‘warmth’
after 3 conditions: ‘exclusion’, ‘inclusion’ and ‘control’) for each group. The six realignment
parameters were entered as additional regressors into the model. Region of Interest (ROI) anal-
yses using small volume correction were conducted to investigate regions that were previously
associated with the overlap of social and physical pain [3, 5], i.e., the insula, anterior cingulate
cortex, thalamus, and ventrolateral prefrontal cortex. The amygdala and dorsolateral prefrontal
cortex were also added as ROIs because both regions have been related to pain processing [39,
40] and are assumed to be linked to altered pain processing in BPD [12].

Masks were created by using anatomical templates as provided by the WFU PickAtlas v3.0
[41, 42]. Analyses were conducted by applying a lowered significance level of p = .01, but only
clusters that survived a family-wise error (FWE) correction for multiple comparisons on the
voxel level within the ROIs when using a small volume correction (psyc pwg<-05) are pre-
sented. Peak voxels are reported as MNI coordinates [x y z]. Because of the exploratory charac-
ter of the study with respect to the influence of social pain on physical pain in BPD, no
experiment-wise adjustment of the alpha level for the different ROIs was performed to avoid
the inflation of type II error [43].

For the ‘temperature’ main effect, two directed t-contrasts were calculated (painful
stimuli > non-painful stimuli, non-painful stimuli > painful stimuli). For the interaction effect
‘group’ x ‘temperature’ directed t-contrasts were calculated to investigate activation differences
during painful as opposed to non-painful stimuli between the BPD and the HC group. To ana-
lyze group differences further between pain processing after the different social encounters,
two directed t-contrasts were built to compare painful and non-painful stimuli between both
groups separately for each cyberball condition (exclusion, inclusion, and the control condi-
tion). To specify the observed group effects further, additional interaction contrasts were built
by comparing group differences in pain processing after social exclusion with group differences
in pain processing after social inclusion and after the control condition in all the ROIs with sig-
nificant group differences after one of the cyberball conditions. The enhanced ratings for exclu-
sion during the inclusion and the control condition in BPD might confound the results of the
group x temperature interaction after social inclusion and the control condition. To take this
consideration into account, we conducted additional repeated measurement ANOV As with
the exclusion ratings during social inclusion and the control condition as a covariate.

Additionally, regression analyses were performed to investigate the influence of rejection
sensitivity on the difference between brain activation during pain after social exclusion com-
pared with pain after social inclusion separately for both groups.

Results
Behavioral Data

Temperature corresponding to 60% pain intensity. The temperature corresponding to a
subjective pain intensity of 60% was significantly higher in BPD patients than in healthy sub-
jects (BPD: mean = 44.3°C, sd = 2.0; HC: mean = 42.5°C, sd = 2.0; and t = -2.8, p<0.01).
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Table 2. Subjective pain ratings following the different cyberball conditions together with results of the 2x3-rm-ANOVA.

BPD
Pain rating after Mean (sd)
Exclusion 5.3 (1.9)
Inclusion 4.6 (1.7)
Control 4.4 (1.7)

doi:10.1371/journal.pone.0133693.t002

HC Statistics (2x3 rmAnova)

Mean (sd) Group Condition Interaction
5.3(1.1) F(1,38) = 0.2 F(2,76) = 8.8 F(2,76) = 0.3
49(1.2) p =0.698 p<0.001 p =0.720

4.6 (1.4) r]2partial =.004 I']zparﬁal =.188 I']zpartial =.009

Moderator analyses did not reveal significant associations between this pain temperature and
rejection sensitivity as measured by the RSQ, either for BPD patients or for HC (overall regres-
sion model: F[3,36] = 3.13, p = .038; p of all beta weights for group, RSQ and the interaction of
group and RSQ >.05).

Pain ratings following cyberball conditions. Subjective pain ratings were modulated by
the preceding interaction situation (see Table 2). Post-hoc tests showed that the pain ratings
were higher after social exclusion than after social inclusion and the control condition. No dif-
ferences between groups were observed, either in general or depending on the preceding ball
tossing condition. No statistically significant relation was found between the pain experienced
after the three cyberball conditions and the RSQ, either in the BPD group or in the HC group
(overall regression model: F[3,36] = 0.60, p = .621; and p of all beta weights for group, RSQ and
the interaction of group x RSQ of the moderator analysis >.05).

fMRI Data

Main effect of temperature. ROI analyses revealed a significant main effect of the temper-
ature on pain-relevant brain areas. Those areas showed higher activation during painful stimuli
compared with non-painful stimuli: in the bilateral dACC, the insula and the amygdala as well
as in the right thalamus and the right dIPFC (for further details see supporting information, S1
and S2 Tables). No brain regions were found to have higher activation during non-painful sti-
muli compared with painful stimuli.

Interaction effect condition x temperature. We analyzed the interaction effect of ‘condi-
tion” x ‘temperature’ by using directed t-contrasts to investigate the influence of social exclu-
sion on pain processing independent of the group. Activation during pain (vs. warmth) was
higher in the left anterior insula ([-27 23 1], psyc_rwe = .030) and the right thalamus ([3 -16 1],
psvc-rwe = -050) (see Fig 1a and 1b) after social exclusion than after inclusion. A comparison
of the pain (vs. warmth) experienced after social exclusion with the pain (vs. warmth) experi-
enced after the control condition revealed a significant effect in the right amygdala ([27 2 -23],
Psvc.rwe = -037). This effect can be explained by reduced amygdala activation during warmth
after the control condition (see Fig 1c).

No relations in the differential activation between painful and non-painful stimuli with the
RSQ could be observed in the moderation analyses (overall regression model: F[3,36] = 1.03, p
=.391 for the insula; F[3,36] = .69, p = .562 for the thalamus; F[3,36] = 2.28, p = .095 for the
amygdala; and p of all beta weights for group, RSQ and the interaction of group and RSQ >.05).

Interaction effect group x temperature. ROI analyses revealed higher activation in the
right posterior insula ([33 -31 19], psvc_rwe = -020), and there was a statistical trend of lower
activation in the right amygdala ([33 2 -26], psyc.rwE = .065) during painful compared with
non-painful stimuli, which was higher in the BPD group compared with the HC. No differ-
ences were observed in the ACC, thalamus, vIPFC, or dIPFC (all psyc_pwg>.1).
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Moderation analysis revealed a significant impact of the group (B = -3.34, p =.020) and the
interaction group x temperature (B = .08, p =.019) on insula activation (overall regression
model: F[3,36] = 4.64, p = .008). Additional conditional effect analyses showed a significant
relation between the temperature of the applied pain stimuli and insula activation only in the
BPD group (BPD: B = .08, p = .002; and HC: B = .002, p = .918).

No relations between the amygdala activation and the temperature of the applied stimuli
was observed in the moderation analysis (overall regression model: F[3,36] = 3.31, p = .031;
and p of all beta weights for group, temperature and the interaction of group x temperature of
the moderator analysis >.05). The activation differences between painful and non-painful sti-
muli in the insula (overall regression model for pain ratings/RSQ: F[3,36] = 1.92, p = .143/ F
[3,36] = .69, and p = .563) and the amygdala (overall regression model for pain ratings/RSQ: F
[3,36] =2.79, p = .054/ F[3,36] = 2.86, and p = .050) were not linked to mean pain ratings or
the RSQ, and no moderation effect of the group was observed (p of all beta weights for group,
pain ratings/RSQ and the interaction of group x RSQ/group x pain ratings of the moderator
analysis >.05).

Interaction effect group x temperature following social exclusion. To test for the differ-
ential effects of the preceding cyberball conditions, we analyzed the interaction effects of the
‘group’ and ‘temperature’ factors separately for social exclusion, social inclusion, and the con-
trol ball-tossing condition.

Activation during physical pain after social exclusion was higher in the right insula and
showed a trend towards a lower activation in the amygdala for BPD patients compared with
HC (see Fig 2a, 2b, 2¢, and 2e; Insula: [30 -28 19], psvc_rwe = -035; amygdala: right [21 -7 -14],
p = .074; and left: [-33 2 -26], psvc.rwe = .084).

For the insula and amygdala activation in the right hemisphere, different modulating vari-
ables were observed in both groups through moderation analyses.

First, the association between the temperature and insula activation depending on the group
was tested in a multiple regression model (F[3,36] = 3.12, p = .038). These analyses revealed a
significant impact of the group (B = -2.75, p = .025) and an interaction of the group x tempera-
ture (B = .06, p = .024) on insula activation. Additional conditional effect analyses showed a sig-
nificant relation between the temperature of the applied pain stimuli and the insula activation
only in the BPD group (BPD: f =.07, p =.001; and HC: B =.008, p = .672). In the next steps,
we conducted further moderation analyses to test for possible relations between insula activa-
tion and pain ratings and the RSQ for both groups, which could not be observed (overall
regression model for pain ratings: F[3,36] = 1.69, p = .187; and overall regression model for
RSQ: F[3,36] = 1.32, p = .282).

Equivalent moderation analyses were conducted with right and left amygdala activation as
a dependent variable. The analyses did not support a relation between the temperature of the
applied stimuli and amygdala activation for both groups (overall regression model for right
amygdala: F[3,36] = 0.87, p = .465; and overall regression model for left amygdala: F[3,36] =
1.55, p = .219). However, the moderation analyses revealed a relation between the increased
intensity ratings of the experienced painfulness of the stimuli, the group and the interaction
of group x pain ratings on right amygdala activation (overall regression model: F[3,36] =
2.97, p =.045; group: B = .93, p = .047; pain rating: B = .39, p = .014; and interaction group x
pain rating: f = -.21, p = .017). Further conditional effect analyses showed a significant rela-
tion between pain ratings and right amygdala activation only in the HC group (HC: B = .18, p
=.017;and BPD: B = -.03, p = .494). These relations were not observed in a comparable analy-
sis of the left amygdala (overall regression model: F[3,36] = 2.30, p = .094; and p of all beta
weights for group, pain ratings and the interaction of group x pain ratings of the moderator
analysis >.05).
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Fig 2. Insula and amygdala mean activation during painful compared to non-painful stimuli following social exclusion. a) mean beta values of peak
voxel activation for HC and BPD in the insula, b) insula activation during pain after social exclusion independent of group (red), and the overlap of the general
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within c) the right amygdala, d) the left amygdala.

doi:10.1371/journal.pone.0133693.9002

The overall regression models of the moderation analyses linking the RSQ with amygdala
activation revealed a statistical trend for an association between those variables (F[3,36] = 2.73,
p =.058 for right amygdala and F[3,36] = 3.00, p = .043 for left amygdala). However, in both
models, neither the group nor the RSQ nor the interaction group x RSQ reached significance as
a predictor in the model (all p>.05).

The described significant group effect for the insula could not be confirmed by using inter-
action contrasts for comparing group differences in pain processing after social exclusion in a
direct way against group differences in pain processing after applying the control condition.

Interaction effect group x temperature following social inclusion. ROI analyses revealed
lower activation during painful stimuli than during non-painful stimuli in BPD patients com-
pared with the HCs in the right amygdala ([33 -1 -23], psvc_rwr = .014), see Fig 3a and 3b).
The additionally conducted repeated measurement ANOVA with the exclusion ratings during
social inclusion as covariate did not reveal a significant effect for the exclusion ratings (F =
476, p = .495), and there is still a significant group x temperature interaction during pain pro-
cessing after social inclusion in the activation of the right amygdala (F = 12.587, p = .001).
Amygdala activation was not associated with RSQ, objective pain temperature or pain ratings
after inclusion, either in the BPD patients or in the HC group (all p>.05 for the overall regres-
sion models of the moderation analyses).

The described group effects could be confirmed for the right amygdala (slightly different coor-
dinate 24-1-14, psyc_rwg = .032) by comparing group differences in pain processing after social
inclusion directly with group differences in pain processing after applying the control condition.
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Interaction effect group x temperature following the control condition. In the ROI
analyses, no clusters reached the significance level of pgyvc rwr<.05 for the group comparisons
between activations during painful compared with non-painful stimuli following the applica-
tion of the control condition.

Relations between rejection sensitivity and pain processing after social exclusion. To
analyze the relations further between rejection sensitivity and pain processing, we calculated a
regression analysis with RSQ scores and brain activation in pain-relevant ROIs during the dif-
ferential processing of painful stimuli after social exclusion compared with social inclusion sep-
arately for each group.

In the BPD group, higher rejection sensitivity was significantly associated with lower activa-
tion differences between pain after social exclusion and pain after social inclusion in the right
insula ([42 -1 -5], p = 0.018, r = -.65) and the left amygdala ([-27 -1 26], p = 0.018, r = -.65 as
well as a statistical trend in the right amygdala ([27 -4 -23] p = 0.078, r = -.52), which was not
the case for the HCs (r = -.13, p>.5, z = 2.58, p<.05 for the insula and r = .11, p>.6, z = 1.88,
p<.10 for the left amygdala; see Fig 4). With regards to the amygdala, BPD patients with low
rejection sensitivity showed higher activation during pain after social exclusion compared with
inclusion. However, as the rejection sensitivity increased, the activation became higher during
pain after social inclusion compared with exclusion.

The regression analysis in the HC group did not reveal significant results in the pain-rele-
vant ROIs.

Discussion

The present study investigated whether the experiences of social inclusion and exclusion could
modulate the subjective assessment of pain intensity and the neural processing of physical pain
differently in BPD patients and HC. We observed a clear effect of social exclusion on subse-
quent pain processing in the form of increased pain sensitivity, which became apparent at a
behavioral as well as on a neuronal level. The neural processing of physical pain after exclusion
and inclusion was modulated in BPD patients by the individual level of rejection sensitivity.
In accordance with previous studies, we expected hyposensitivity to physical pain in BPD

patients. In our study, both BPD patients and healthy controls received pain stimuli with a
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comparable subjective pain intensity of 60%. Consistent with the literature [12, 15, 17, 18, 44],
BPD patients showed a higher pain threshold, i.e., higher temperature stimuli were applied to
the BPD patients to induce an experience of pain that was comparable to that of healthy partic-
ipants. On a neural level, BPD patients showed reduced activation in the amygdala, and
increased activation of the right posterior insula during the processing of painful stimuli rather
than non-painful stimuli. In accordance with our expectations, these effects were modulated by
the nature of the preceding interaction situation; the increased insula activation during pain in
BPD patients was linked to prior social exclusion, whereas reduced amygdala engagement dur-
ing pain in BPD was most pronouncedly linked to prior social inclusion.

Overall, social exclusion was linked to a stronger self-reported experience of feeling
excluded than social inclusion [26]. Because this effect was observed for both healthy subjects
and patients with BPD, we expected the experience of social exclusion to affect pain processing
in both groups in a more pronounced way than the experience of social inclusion or the partici-
pation in a rule-driven interaction situation. Our data reveal that social exclusion led to a sub-
jective hypersensitivity to physical pain in both groups. This result is in line with the severity
hypothesis by Bernstein and Claypool [8], which predicts a hyper- or hyposensitivity to pain
depending on the strength of social exclusion. The authors classify the cyberball procedure as a
mild form of social exclusion, which should therefore be linked to a hypersensitivity to physical
pain. However, in contrast to our hypotheses, we found no group differences; i.e., both BPD
patients and healthy subjects responded to the exclusion experience with a hypersensitivity to
pain. This finding is consistent with the fact that exclusion ratings after social exclusion were
comparable between groups, as has been described in a previous paper reporting on the social
interaction findings of the present study [26]. This interpretation is also in line with a cyberball
study by Lawrence et al. [45], who reported no difference between BPD patients and HC in
terms of the intensity increase of negative emotions, and the intensity decrease of positive emo-
tions after social exclusion.

Consistent with the behavioral data, our brain imaging data further support the severity
hypothesis [8]. Independent of the group, we observed an enhanced activation in the anterior
insula and the thalamus during the processing of physical pain after exclusion, in comparison
with inclusion. The increasing activation in these regions was previously linked to increasing
subjective pain intensity [46]. Whereas thalamus activation also relates to increasing stimulus
intensity in PET studies [46], the anterior insula seems to play a crucial role in the affective
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pain component [47]. For both brain regions, Kross et al. [5] reported overlapping activation
during social exclusion and physical pain. This finding is consistent with our observations of
the increased engagement of these regions when experimentally inducing both physical and
social pain. Taken together, social exclusion influences pain processing in brain regions linked
to the affective as well as to the more sensory component of pain processing. This result sug-
gests that social pain accentuates the experience of physical pain and the engagement of the
related cerebral structures.

Beyond the modulation of physical pain processing in the anterior insula and the thalamus
by the preceding social encounter in both BPD patients and HCs, both groups differ in the acti-
vation of some brain regions when comparing pain processing separately for the cyberball
conditions.

Following social exclusion, brain responses to painful stimuli in the right posterior insula is
stronger in BPD patients than in healthy participants. Posterior insula activation has been
linked to the sensory-discriminative pain pathway, along with regions in the primary and sec-
ondary somatosensory cortex as well as the lateral thalamus [48]. The posterior insula has also
been discussed as a brain region that is sensitive to the quality of painful stimuli, in contrast to
non-painful stimuli. Specifically, this structure might serve to integrate information regarding
the sensory intensity into the subjective experience of pain [49, 50]. Activation within this cere-
bral region has been shown to increase with pain intensity ratings of painful stimuli [50, 51]. In
the present study, we could not replicate this finding. By contrast, in BPD subjects, insula acti-
vation increased with the temperature of the applied painful stimuli. The differential impact of
the objectively applied temperature on insula activation in BPD patients and HC suggests that
the integrative function of the posterior insula might be altered in BPD patients. Our data may
thereby suggest that in BPD, the experience of social exclusion modulates the integration of
sensory information into the subjective experience of pain via the posterior insula [49]. It is
notable that we could not support our specific alteration of insula activation following exclu-
sion in BPD patients when using three-fold interaction contrasts to compare group differences
in pain processing after social exclusion to group differences in pain processing after social
inclusion and after the control condition. Taken together with the significant insula effect on
the group x temperature level, our inability to support the earlier hypothesis lends weight to
the idea of a more general effect of social situations on the integrative function of the posterior
insula in BPD. The fact that Schmahl et al. [12] did not observe activation differences in the
insula during pain processing in BPD patients relative to HC reinforces the idea that this effect
was caused in general by the precedence of social situations.

The experience of social exclusion has previously been shown to precede self-injurious
behavior (SIB) in BPD patients [52] and is therefore directly connected to the experience of
physical pain in the daily lives of these patients. BPD patients primarily engage in SIB to reduce
inner tension or down-regulate negative emotions [53-55]. Niedtfeld et al. [56] proposed that
this regulatory effect might be related to an attentional shift from the negative emotions
towards the experience of physical pain. Although BPD is primarily associated with a hyposen-
sitivity to physical pain, our data show that BPD patients can experience pain sensitization fol-
lowing social exclusion at least in the short term. This sensitization effect may be one reason
why SIB is such a powerful emotion regulation strategy in BPD. Following the model of
Ducasse et al. [57], this attentional shift is regulated through the insula. The enhanced insula
activation during pain after exclusion in BPD might reflect this effect. These findings underline
the potential for pain stimuli as regulatory skills in the form of non-invasive and non-harmful
pain activation, which are already part of DBT skills training (e.g., pressuring pain points or
using spiky massage balls to induce pain; [58]). These skills might be especially effective in reg-
ulating social pain because of the sensitization effect of social pain on the physical pain system.
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Following social inclusion, BPD patients responded with a stronger activation decrease to
painful stimuli than healthy subjects in the right amygdala. After social exclusion, this reduced
amygdala activation was also evident; however, it was only observable as a statistical trend. As
supported by a recent meta-analysis [39], the amygdala is consistently activated during experi-
mentally induced pain. It has traditionally been linked to the affective pain component, but
recent research suggests that the amygdala is also involved in more cognitive-evaluative pain
processing, which may be related to its central position in the pain network. The amygdala
receives input directly from the spinal cord and from the thalamus, insula, ACC, and prefrontal
regions [39]. Although Schmahl et al. [12] reported reduced amygdala activation during pain
in BPD patients, in our patient group, we only observed a trend for reduced amygdala activa-
tion during pain, which became statistically significant after social inclusion. These diverging
results may be related to sample differences between both studies. Schmahl et al. [12] specifi-
cally included a sub-group of BPD patients who showed self-injurious behavior (SIB) and who
reported a partial or complete absence of pain during SIB; only half the BPD sample fulfilled
the DSM-IV criterion of SIB in the present study. Beyond that, far fewer subjects with a co-
occurring posttraumatic stress disorder (approximately 50% of the sample in Schmahl et al.
[12] and 15% in the current sample) may have contributed to inconsistent findings; Kraus et al.
[59] observed significantly reduced amygdala activation during pain in BPD patients with co-
morbid PTSD compared with BPD patients without co-morbid PTSD. These researchers pro-
posed that the reduced amygdala activation during pain might be the relevant antinociceptive
mechanism, particularly in BPD patients with co-morbid PTSD. Because they did not include a
healthy control group, further studies are required to investigate the specificity of reduced
amygdala activation during pain processing for BPD subjects with PTSD. The fact that we did
find significantly reduced amygdala activation in BPD compared with HC during pain after
social inclusion suggests that the experience of social situations that are unexpected for BPD
patients, that is, situations of objective inclusion, led to an accentuation of already known alter-
ations in the activation of the amygdala during pain [12]. Although BPD patients experienced
a higher level of exclusion under this condition, alterations in amygdala activation cannot
solely be linked to a higher level of reported exclusion, but they are related to the effects of the
group, suggesting a different impact of social inclusion on pain processing in BPD patients.
Our findings revealed differential effects during pain processing in the insula and the amygdala
for both groups. However, our data did not confirm our hypotheses of group-specific activation
differences in the thalamus, the ACC and the vl/dIPFC. Only the additional within-group anal-
ysis (see supporting information in S2 Text) provides first hints for possible group differences,
but these effects could not be statistically supported in our between-group analysis and should
therefore be interpreted with caution.

In the thalamus, which is associated with the sensory-discriminant pain component, we
observed social exclusion effects on pain processing that were independent of BPD. This finding
is consistent with previous studies suggesting that sensory-discriminant components of pain
processing are not affected in BPD. It must be mentioned that the within-group analysis (see
supporting information S2 Text) could support this effect only in the BPD group, and thus the
group-independent effect of the primary analysis may be primarily triggered by the BPD group.

The activation of the ACC and the vl/dIPFC were neither differentially influenced by the
group nor by the nature of the preceding social interaction. This result may suggest that social
pain primarily influences the affective component of physical pain instead of processes such as
threat detection and pain regulation and their related cerebral structures. One may speculate
that missing group differences in the dIPFC are linked to the application of physical pain.
Niedtfeld et al. [54] reported that physical pain normalized the coupling between (para-)limbic
and prefrontal structures during the processing of negative emotional stimuli in BPD. The
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experience of physical pain may have enabled BPD patients to adapt the activation level of the
dIPFC to that of the HC. Within-group comparisons of pain processing after exclusion and
inclusion support this idea, revealing increased dIPFC activation in BPD patients during pain
after social exclusion, which suggests a stronger engagement of the brain area linked to pro-
cesses of cognitive control.

Finally, we were interested in finding whether rejection sensitivity modulates the effect of
social exclusion and inclusion on physical pain processing. Given the link between the A118G
polymorphism of the mu-opioid receptor gene, which was previously associated with both pain
sensitivity and rejection sensitivity [11], we hypothesized that there might be a direct link
between pain sensitivity and rejection sensitivity. Indeed, our findings suggest that rejection sen-
sitivity is linked to a shift in the balance between the engagement of both the amygdala and the
insula during pain after exclusion and inclusion. In BPD patients, increasing rejection sensitivity
was associated with lower activation differences between pain after social exclusion and pain
after social inclusion in the amygdala and the insula. Interestingly, these are the same regions we
found to be differently activated during pain after different cyberball conditions between the
BPD and the HC group. The observed lower activation differences imply that in BPD patients
with low rejection sensitivity, activation is stronger during pain after social exclusion compared
with inclusion. However, with increasing rejection sensitivity, the activation was observed to be
stronger during pain after social inclusion than during pain after social exclusion.

One possible explanation for these findings may be derived from the severity hypothesis [8].
Accordingly, there is a shift in the influence of social exclusion on pain from sensitization to
numbing, depending on the severity of exclusion; although experiences of mild exclusion lead
to a higher sensitivity to pain, experiences of strong exclusion may decrease sensitivity. High
rejection sensitivity implies that social exclusion is perceived more severely, possibly account-
ing for an earlier shift between sensitization and numbing in participants with high rejection
sensitivity. The objectively identical exclusion condition may thereby result in both hypersensi-
tization and hyposensitization, depending on the rejection sensitivity.

Our data confirmed the higher rejection sensitivity in BPD patients than in HC. Neverthe-
less, we observed a high variability in rejection sensitivity among BPD patients. One may spec-
ulate as to whether BPD patients with low rejection sensitivity react to the exclusion condition
with a stronger engagement of the amygdala and the insula during pain compared with the
inclusion condition because of the sensitization effect in response to the perception of a mild
form of exclusion. With increasing rejection sensitivity, the same exclusion condition may be
perceived as severe enough to shift sensitivity to numbness, as reflected in reduced amygdala
and insula responses to pain after exclusion compared with inclusion.

Alternatively, one may speculate as to whether an increase in rejection sensitivity leads to a
converging cerebral activation in response to social in- and exclusion, i.e., social inclusion and
exclusion result in a similar cerebral hypersensitivity to pain. Our data suggest that when rejec-
tion sensitivity is high, the effects of inclusion on pain processing indeed exceed the effects of
exclusion. One possible explanation may be that individuals who are highly sensitive to rejec-
tion expect to be rejected in social situations, and they may perceive inclusion as particularly
unexpected and untrustworthy.

This interpretation is consistent with findings suggesting that in BPD, high rejection sensi-
tivity is related to enhanced experiences of exclusion during situations of objective inclusion
[13, 26]. Our data suggest that the RS most likely modulates both the processing of social exclu-
sion and inclusion, and the subsequent processing of pain. However, these hypotheses are
derived from our findings and remain to be confirmed. Of particular interest for future studies
is a parametric variation in the level of exclusion through experimental manipulation, which
would allow for the modeling of individual item response curves. Through those means, an
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analysis of the relations between rejection sensitivity and the intensity of exclusion may be
achieved, including at which point the effect of exclusion on pain shifts from sensitization to
numbing, which may provide data that add to the understanding of these processes.

Interestingly, rejection sensitivity primarily affected pain processing in the BPD patients,
and not in the HC group. Because the HC had a considerably lower range of rejection sensitiv-
ity compared with the BPD group, it can be hypothesized that a certain level of rejection sensi-
tivity is necessary to further influence pain processing, a level that may not be reached in our
HC group.

Some limitations of the present study must be addressed. First, we applied a within-subject-
design, i.e., all participants experienced phases of exclusion and inclusion. This finding might
represent a less severe experience of exclusion compared with the results from MacDonald et al.
[10]. Here, participants experienced either exclusion or inclusion, which may have increased the
differential effect of exclusion and inclusion on pain. Additionally, we employed the same co-
players during the whole experiment. This finding implies that the participants were uncertain
about what behavior to expect next, with the highest uncertainty occurring during social inclu-
sion (see also [26]). Although they reported feeling included during the inclusion blocks and
excluded during the exclusion blocks, it cannot be ruled out that this uncertainty affected the
processing of pain. Further studies should investigate whether the use of different teams of co-
players results in a clearer discrimination between exclusion and inclusion, and a more pro-
nounced differentiation of pain processing after social exclusion and inclusion.

Another limitation of this study is the lack of a control condition during which both groups
experienced an equal level of inclusion. Because previous studies [ 13, 14] have already sug-
gested that BPD patients may perceive inclusion conditions as less inclusive than HC, we
added the control condition with predefined rules as an alternative comparison condition.
Contrary to our expectations, BPD patients reported reduced experiences of inclusion com-
pared with the HC, not only during the inclusion condition but also in this experimental con-
trol condition. Although this finding provided important evidence towards a rather
generalized experience of exclusion in BPD, it hampers the evaluation of exclusion effects in
this study because of the absence of a true inclusion comparison condition. However, it is
important to note that both groups felt more excluded after the exclusion condition compared
with the inclusion condition. This finding suggests that we were successful in manipulating the
experience of social exclusion and inclusion in our study, although we found significant group
differences in the level of experienced rejection after inclusion. Nevertheless, we cannot rule
out the possibility that the different effects of social inclusion on pain in both groups might be
related to the altered experience of inclusion and not to an altered effect of inclusion on pain
processing. Further studies are required to investigate whether and under which conditions
BPD patients may experience a comparable extent of being included such as healthy individu-
als to include an experimental condition that provides a more suitable control condition for
feeling included.

Because both exclusion ratings and the RSQ-score strongly separate BPD patients and
healthy subjects, the inclusion of exclusion ratings and RSQ scores as covariates in the analyses
may result in an overcorrection, eliminating the between-group variance of interest linked to
the BPD diagnosis.

Another limitation concerns the generalizability and specificity of our results. We only
included female BPD patients, and thus it is not possible to generalize our findings to male
BPD patients. Because we did not include a clinical control group, further studies must investi-
gate whether our findings are specific for BPD. Several studies revealed alterations in the pain
processing of people with depressive disorders (e.g., [60-62]. To avoid confounding the alter-
ations of pain processing in BPD with those linked to depressive disorders, we excluded BPD
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subjects with a co-morbid major depressive episode from participating in the study at the cost
of a reduced generalizability of our findings to BPD patients with concurrent depression.

Nevertheless, BPD is a complex disorder with heterogeneous symptomatology. Future studies
must be focused on whether the processing of physical pain may be affected in a different man-
ner by specific sub-groups of BPD patients. For example, self-injurious behavior, dissociation,
childhood traumata, and a history of victimization in peer groups might differentially influence
pain sensitivity following social exclusion [12, 15, 17, 44]. The sample size of the present study
prevented an analysis of BPD subgroups depending on a history of self-harm with sufficient
power. Nevertheless, exploratory analyses revealed a hyposensitivity to physical pain, particularly
in BPD patients with past self-injurious behavior without any influence on the dependence of
alterations in pain processing after different social encounters (see supporting information S1
Text). However, these exploratory analyses provide only hints towards the relevance of self-inju-
rious behavior, and future studies must investigate the role of a history of self-harm in more
detail. An animal model by Schneider et al. [63] has linked a history of social rejection during
childhood and adolescence to a hyposensitivity to physical pain during adulthood. A comparable
mechanism may match the development of alterations in pain processing in BPD because the
experience of emotional neglect and social exclusion from the origin family or the early peer
groups constitutes one of the central features in the biographies of BPD patients [64, 65].

In summary, this is the first study that has investigated the modulation of physical pain by
social pain in BPD. Our data reveal an altered processing of pain in BPD patients, which is
modulated by both the nature of the social context and rejection sensitivity, i.e., a cognitive
affective predisposition characterizing BPD patients. Further research on BPD is needed to dis-
entangle the specific mechanisms underlying the relations of physical and social pain process-
ing and the influence of environmental factors and personality dispositions.

Supporting Information

S1 Table. t-contrast pain>warmth within the ROIs using a small volume correction

(psvc-rwe<.05).
(DOCX)

$2 Table. t-contrast pain>warmth, p<0.001, k>5, uncorrected.
(DOCX)

S1 Text. Additional sub-group analysis for BPD with and without self-injurious behavior.
(DOCX)

$2 Text. Additional within-group analysis of the fMRI data.
(DOCX)

Author Contributions

Conceived and designed the experiments: M. Bungert IN SVK CS M. Bohus. Performed the
experiments: M. Bungert IN. Analyzed the data: M. Bungert IN GK SL. Contributed reagents/
materials/analysis tools: M. Bungert GK IN SVK CS M. Bohus. Wrote the paper: M. Bungert
GK IN SVK CS M. Bohus.

References
1. Williams KD. Ostracism. Annu Rev Psychol. 2007; 58:425-52. Epub 2006/09/14. PMID: 16968209.

2. Macdonald G, Leary MR. Why does social exclusion hurt? The relationship between social and physi-
cal pain. Psyol. Bull. 2005; 131(2):202—-23. Epub 2005/03/03. doi: 10.1037/0033-2909.131.2.202
PMID: 15740417.

PLOS ONE | DOI:10.1371/journal.pone.0133693 August 4, 2015 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133693.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133693.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133693.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133693.s004
http://www.ncbi.nlm.nih.gov/pubmed/16968209
http://dx.doi.org/10.1037/0033-2909.131.2.202
http://www.ncbi.nlm.nih.gov/pubmed/15740417

@’PLOS ‘ ONE

Social and Physical Pain in BPD

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Eisenberger NI, Lieberman MD, Williams KD. Does rejection hurt? An FMRI study of social exclusion.
Science. 2003; 302(5643):290—-2. Epub 2003/10/11. doi: 10.1126/science.1089134 PMID: 14551436.

Cacioppo S, Frum C, Asp E, Weiss RM, Lewis JW, Cacioppo JT. A quantitative meta-analysis of func-
tional imaging studies of social rejection. Sci Rep. 2013; 3:2027. doi: 10.1038/srep02027 PMID:
24002359; PubMed Central PMCID: PMC3761131.

Kross E, Berman MG, Mischel W, Smith EE, Wager TD. Social rejection shares somatosensory repre-
sentations with physical pain. Proc Natl Acad Sci U S A. 2011; 108(15):6270-5. Epub 2011/03/30. doi:
10.1073/pnas.1102693108 PMID: 21444827; PubMed Central PMCID: PMCPMC 3076808.

Eisenberger NI, Jarcho JM, Lieberman MD, Naliboff BD. An experimental study of shared sensitivity to
physical pain and social rejection. Pain. 2006; 126(1-3):132-8. Epub 2006/08/08. PMID: 16890354.

DeWall CN, Baumeister RF. Alone but feeling no pain: Effects of social exclusion on physical pain toler-
ance and pain threshold, affective forecasting, and interpersonal empathy. JPSP. 2006; 91(1):1-15.
Epub 2006/07/13. doi: 10.1037/0022-3514.91.1.1 PMID: 16834476.

Bernstein MJ, Claypool HM. Social exclusion and pain sensitivity: why exclusion sometimes hurts and
sometimes numbs. Pers Soc Psychol Bull. 2012; 38(2):185-96. doi: 10.1177/0146167211422449
PMID: 21885860.

Downey G, Feldman SI. Implications of rejection sensitivity for intimate relationships. JPSP. 1996; 70
(6):1327-43. Epub 1996/06/01. PMID: 8667172.

Macdonald G, Shaw S. Adding Insult to Injury: Social Pain Theory and Response to Social Exclusion
In: Williams K, Forgas J, von Hippel W, editors. The social outcast: Ostracism, social exclusion, rejec-
tion, & bullying. New York: Psychology Press; 2005. p. 77-91.

Way BM, Taylor SE, Eisenberger NI. Variation in the mu-opioid receptor gene (OPRM1) is associated
with dispositional and neural sensitivity to social rejection. Proc Natl Acad Sci U S A. 2009; 106
(35):15079-84. Epub 2009/08/27. doi: 10.1073/pnas.0812612106 PMID: 19706472; PubMed Central
PMCID: PMC2736434.

Schmahl C, Bohus M, Esposito F, Treede RD, Di Salle F, Greffrath W, et al. Neural correlates of antino-
ciception in borderline personality disorder. Arch Gen Psychiatry. 2006; 63(6):659-67. Epub 2006/06/
07. doi: 10.1001/archpsyc.63.6.659 PMID: 16754839.

Renneberg B, Herm K, Hahn A, Staebler K, Lammers CH, Roepke S. Perception of social participation
in borderline personality disorder. Clin Psychol Psychother. 2012; 19(6):473-80. Epub 2011/11/15. doi:
10.1002/cpp.772 PMID: 22076727.

Staebler K, Renneberg B, Stopsack M, Fiedler P, Weiler M, Roepke S. Facial emotional expression in
reaction to social exclusion in borderline personality disorder. Psychol Med. 2011:1-10. Epub 2011/02/
11. doi: 10.1017/S0033291711000080 PMID: 21306661.

Bohus M, Limberger M, Ebner U, Glocker FX, Schwarz B, Wernz M, et al. Pain perception during self-
reported distress and calmness in patients with borderline personality disorder and self-mutilating
behavior. Psychiatry Res. 2000; 95(3):251-60. Epub 2000/09/07. PMID: 10974364.

Cardenas-Morales L, Fladung AK, Kammer T, Schmahl C, Plener PL, Connemann BJ, et al. Exploring
the affective component of pain perception during aversive stimulation in borderline personality disor-
der. Psychiatry Res. 2011; 186(2—3):458-60. Epub 2010/09/10. doi: 10.1016/j.psychres.2010.07.050
PMID: 20826000.

Ludéscher P, Bohus M, Lieb K, Philipsen A, Schmahl C. Elevated pain thresholds correlate with disso-
ciation and aversive arousal in patients with borderline personality disorder. Psychiatry Res. 2007; 149
(1-3):291-6. PMID: 17126914

Schmahl C, Greffrath W, Baumgartner U, Schlereth T, Magerl W, Philipsen A, et al. Differential nocicep-
tive deficits in patients with borderline personality disorder and self-injurious behavior: laser-evoked
potentials, spatial discrimination of noxious stimuli, and pain ratings. Pain. 2004; 110(1-2):470-9. Epub
2004/07/28. doi: 10.1016/j.pain.2004.04.035 PMID: 15275800.

Schmahl C, Meinzer M, Zeuch A, Fichter M, Cebulla M, Kleindienst N, et al. Pain sensitivity is reduced in bor-
derline personality disorder, but not in posttraumatic stress disorder and bulimia nervosa. World J Biol Psy-
chiatry. 2010; 11(2 Pt 2):364—71. Epub 2010/03/12. doi: 10.3109/15622970701849952 PMID: 20218798.

Klossika I, Flor H, Kamping S, Bleichhardt G, Trautmann N, Treede RD, et al. Emotional modulation of
pain: a clinical perspective. Pain. 2006; 124(3):264—8. Epub 2006/08/29. doi: 10.1016/j.pain.2006.08.
007 PMID: 16934927.

Peyron R, Garcia-Larrea L, Gregoire MC, Costes N, Convers P, Lavenne F, et al. Haemodynamic brain
responses to acute pain in humans: sensory and attentional networks. Brain. 1999; 122 (Pt 9):1765—
80. Epub 1999/09/01. PMID: 10468515.

Peyron R, Laurent B, Garcia-Larrea L. Functional imaging of brain responses to pain. A review and
meta-analysis (2000). Neurophysiol Clin. 2000; 30(5):263—88. Epub 2000/12/29. PMID: 11126640.

PLOS ONE | DOI:10.1371/journal.pone.0133693 August 4, 2015 20/22


http://dx.doi.org/10.1126/science.1089134
http://www.ncbi.nlm.nih.gov/pubmed/14551436
http://dx.doi.org/10.1038/srep02027
http://www.ncbi.nlm.nih.gov/pubmed/24002359
http://dx.doi.org/10.1073/pnas.1102693108
http://www.ncbi.nlm.nih.gov/pubmed/21444827
http://www.ncbi.nlm.nih.gov/pubmed/16890354
http://dx.doi.org/10.1037/0022-3514.91.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16834476
http://dx.doi.org/10.1177/0146167211422449
http://www.ncbi.nlm.nih.gov/pubmed/21885860
http://www.ncbi.nlm.nih.gov/pubmed/8667172
http://dx.doi.org/10.1073/pnas.0812612106
http://www.ncbi.nlm.nih.gov/pubmed/19706472
http://dx.doi.org/10.1001/archpsyc.63.6.659
http://www.ncbi.nlm.nih.gov/pubmed/16754839
http://dx.doi.org/10.1002/cpp.772
http://www.ncbi.nlm.nih.gov/pubmed/22076727
http://dx.doi.org/10.1017/S0033291711000080
http://www.ncbi.nlm.nih.gov/pubmed/21306661
http://www.ncbi.nlm.nih.gov/pubmed/10974364
http://dx.doi.org/10.1016/j.psychres.2010.07.050
http://www.ncbi.nlm.nih.gov/pubmed/20826000
http://www.ncbi.nlm.nih.gov/pubmed/17126914
http://dx.doi.org/10.1016/j.pain.2004.04.035
http://www.ncbi.nlm.nih.gov/pubmed/15275800
http://dx.doi.org/10.3109/15622970701849952
http://www.ncbi.nlm.nih.gov/pubmed/20218798
http://dx.doi.org/10.1016/j.pain.2006.08.007
http://dx.doi.org/10.1016/j.pain.2006.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16934927
http://www.ncbi.nlm.nih.gov/pubmed/10468515
http://www.ncbi.nlm.nih.gov/pubmed/11126640

@’PLOS ‘ ONE

Social and Physical Pain in BPD

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Pavony MT, Lenzenweger MF. Somatosensory processing and borderline personality disorder fea-
tures: a signal detection analysis of proprioception and exteroceptive sensitivity. J Pers Disord. 2013;
27(2):208—21. Epub 2013/03/22. doi: 10.1521/pedi.2013.27.2.208 PMID: 23514184.

Pavony MT, Lenzenweger MF. Somatosensory processing and borderline personality disorder: pain
perception and a signal detection analysis of proprioception and exteroceptive sensitivity. Personality
disord. 2014; 5(2):164—71. doi: 10.1037/per0000017 PMID: 23834516.

Kemperman |, Russ MJ, Clark WC, Kakuma T, Zanine E, Harrison K. Pain assessment in self-injurious
patients with borderline personality disorder using signal detection theory. Psychiatry Res. 1997; 70
(3):175-83. PMID: 9211579

Domesalla M, Koppe G, Niedtfeld |, Vollstadt-Klein S, Schmahl C, Bohus M, et al. Cerebral processing of
social rejection in patients with borderline personality disorder. Soc Cogn Affect Neurosci. 2014; 9
(11):1789-97. doi: 10.1093/scan/nst176 PMID: 24273076; PubMed Central PMCID: PMC4221221.

Staebler K, Helbing E, Rosenbach C, Renneberg B. Rejection sensitivity and borderline personality dis-
order. Clin Psychol Psychother. 2011; 18:275-83. doi: 10.1002/cpp.705 PMID: 21110407

Williams KD, Cheung CK, Choi W. Cyberostracism: effects of being ignored over the Internet. J Pers
Soc Psychol. 2000; 79(5):748-62. Epub 2000/11/18. PMID: 11079239.

Ruocco AC, Medaglia JD, Tinker JR, Ayaz H, Forman EM, Newman CF, et al. Medial prefrontal cortex
hyperactivation during social exclusion in borderline personality disorder. Psychiatry Res. 2010; 181
(3):233-6. Epub 2010/02/16. doi: 10.1016/j.pscychresns.2009.12.001 PMID: 20153143.

Loranger AW. International Personality Disorder Examination (IPDE): DSM-IV and ICD-10 modules.
Odessa: Psychological Assessment Resources; 1999.

First MB, Spitzer RL, Gibbon M, Williams JBW, Benjamin LS. User's guide for the structured clinical
interview for DSM-IV Axis | disorders (SCID-I)—clinical version. Washington: American Psychiatric
Press; 1997.

Bohus M, Limberger MF, Frank U, Chapman AL, Kuhler T, Stieglitz RD. Psychometric properties of the
Borderline Symptom List (BSL). Psychopathology. 2007; 40(2):126—-32. Epub 2007/01/12. doi: 10.
1159/000098493 PMID: 17215599.

Derogatis LR. BSI, Brief Symptom Inventory: Administration, scoring, and procedures manual ( 4th
ed.). Minneapolis: MN: National Computer Systems.; 1993.

Beck AT, Ward CH, Mendelson M, Mock H, Erbaugh J. An inventory for measuring depression. Arch
Gen Psychiatry. 1961; 4:561-71. PMID: 13688369

Berenson KR, Gyurak A, Ayduk O, Downey G, Garner MJ, Mogg K, et al. Rejection sensitivity and dis-
ruption of attention by social threat cues. J Res Pers. 2009; 43(6):1064—72. Epub 2010/02/18. doi: 10.
1016/}.jrp.2009.07.007 PMID: 20160869; PubMed Central PMCID: PMC2771869.

Williams KD, Jarvis B. Cyberball: a program for use in research on interpersonal ostracism and accep-
tance. Behav Res Methods. 2006; 38(1):174—80. Epub 2006/07/05. PMID: 16817529.

Stigimayr C, Schmahl C, Bremner JD, Bohus M, Ebner-Priemer U. Development and psychometric
characteristics of the DSS-4 as a short instrument to assess dissociative experience during neuropsy-
chological experiments. Psychopathology. 2009; 42(6):370—4. Epub 2009/09/16. doi: 10.1159/
000236908 PMID: 19752590.

Hayes AF. Introduction to mediation, moderation, and conditional process analysis: a regression-based
approach. New York [u.a.]: Guilford Press; 2013.

Simons LE, Moulton EA, Linnman C, Carpino E, Becerra L, Borsook D. The human amygdala and pain:
Evidence from neuroimaging. Hum Brain Mapp. 2014; 35(2):527-38. doi: 10.1002/hbm.22199 PMID:
23097300; PubMed Central PMCID: PMC3920543.

Lorenz J, Minoshima S, Casey KL. Keeping pain out of mind: the role of the dorsolateral prefrontal cor-
tex in pain modulation. Brain. 2003; 126(Pt 5):1079-91. Epub 2003/04/12. PMID: 12690048.

Maldjian JA, Laurienti PJ, Burdette JH. Precentral gyrus discrepancy in electronic versions of the Talair-
ach atlas. Neuroimage. 2004; 21(1):450-5. PMID: 14741682

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for neuroanatomic and cytoarchi-
tectonic atlas-based interrogation of fMRI data sets. Neuroimage. 2003; 19(3):1233-9. PMID: 12880848

Lieberman MD, Cunningham WA. Type | and Type Il error concerns in fMRI research: re-balancing the
scale. Soc Cogn Affect Neurosci. 2009; 4(4):423-8. doi: 10.1093/scan/nsp052 PMID: 20035017;
PubMed Central PMCID: PMC2799956.

Russ MJ, Roth SD, Lerman A, Kakuma T, Harrison K, Shindledecker RD, et al. Pain perception in self-
injurious patients with borderline personality disorder. Biol Psychiatry. 1992; 32(6):501—11. Epub 1992/
09/15. PMID: 1445967.

PLOS ONE | DOI:10.1371/journal.pone.0133693 August 4, 2015 21/22


http://dx.doi.org/10.1521/pedi.2013.27.2.208
http://www.ncbi.nlm.nih.gov/pubmed/23514184
http://dx.doi.org/10.1037/per0000017
http://www.ncbi.nlm.nih.gov/pubmed/23834516
http://www.ncbi.nlm.nih.gov/pubmed/9211579
http://dx.doi.org/10.1093/scan/nst176
http://www.ncbi.nlm.nih.gov/pubmed/24273076
http://dx.doi.org/10.1002/cpp.705
http://www.ncbi.nlm.nih.gov/pubmed/21110407
http://www.ncbi.nlm.nih.gov/pubmed/11079239
http://dx.doi.org/10.1016/j.pscychresns.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20153143
http://dx.doi.org/10.1159/000098493
http://dx.doi.org/10.1159/000098493
http://www.ncbi.nlm.nih.gov/pubmed/17215599
http://www.ncbi.nlm.nih.gov/pubmed/13688369
http://dx.doi.org/10.1016/j.jrp.2009.07.007
http://dx.doi.org/10.1016/j.jrp.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20160869
http://www.ncbi.nlm.nih.gov/pubmed/16817529
http://dx.doi.org/10.1159/000236908
http://dx.doi.org/10.1159/000236908
http://www.ncbi.nlm.nih.gov/pubmed/19752590
http://dx.doi.org/10.1002/hbm.22199
http://www.ncbi.nlm.nih.gov/pubmed/23097300
http://www.ncbi.nlm.nih.gov/pubmed/12690048
http://www.ncbi.nlm.nih.gov/pubmed/14741682
http://www.ncbi.nlm.nih.gov/pubmed/12880848
http://dx.doi.org/10.1093/scan/nsp052
http://www.ncbi.nlm.nih.gov/pubmed/20035017
http://www.ncbi.nlm.nih.gov/pubmed/1445967

@’PLOS ‘ ONE

Social and Physical Pain in BPD

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

Lawrence KA, Chanen AM, Allen JS. The effect of ostracism upon mood in youth with borderline per-
sonality disorder. J Personal Disord. 2011; 25(5):702—14. Epub 2011/10/26. doi: 10.1521/pedi.2011.
25.5.702 PMID: 22023305.

Porro CA. Functional Imaging and Pain: Behavior, Perception, and Modulation. Neuroscientist. 2003; 9
(5):354-69. PMID: 14580120

Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC. Pain affect encoded in human anterior cin-
gulate but not somatosensory cortex. Science. 1997; 277(5328):968-71. Epub 1997/08/15. PMID:
9252330.

Ploner M, Schnitzler A. Kortikale Reprasentation von Schmerz. Nervenarzt. 2004; 75(10):962-9.

Pomares FB, Faillenot |, Barral FG, Peyron R. The 'where' and the 'when' of the BOLD response to pain
in the insular cortex. Discussion on amplitudes and latencies. Neuroimage. 2013; 64:466—75. doi: 10.
1016/j.neuroimage.2012.09.038 PMID: 23006804.

Lin CS, Hsieh JC, Yeh TC, Lee SY, Niddam DM. Functional dissociation within insular cortex: the effect
of pre-stimulus anxiety on pain. Brain Res. 2013; 1493:40-7. doi: 10.1016/j.brainres.2012.11.035
PMID: 23200718.

Bornhovd K, Quante M, Glauche V, Bromm B, Weiller C, Buchel C. Painful stimuli evoke different stimu-
lus-response functions in the amygdala, prefrontal, insula and somatosensory cortex: a single-trial
fMRI study. Brain. 2002; 125(Pt 6):1326—36. Epub 2002/05/23. PMID: 12023321.

Herpertz SC. Self- injurious behaviour. Psychopathological and nosological characteristics in subtypes
of self- injurers. Acta Psychiatr Scand, Suppl. 1995; 91(1):57—68.

Kleindienst N, Bohus M, Ludascher P, Limberger MF, Kuenkele K, Ebner-Priemer UW, et al. Motives
for nonsuicidal self-injury among women with borderline personality disorder. J Nerv Ment Dis. 2008;
196(3):230-6. Epub 2008/03/15. doi: 10.1097/NMD.0b013e3181663026 PMID: 18340259.

Niedtfeld |, Kirsch P, Schulze L, Herpertz SC, Bohus M, Schmahl C. Functional Connectivity of Pain-
Mediated Affect Regulation in Borderline Personality Disorder. PloS one. 2012; 7(3):€33293. doi: 10.
1371/journal.pone.0033293 PMID: 22428013

Carpenter RW, Trull TJ. Components of emotion dysregulation in borderline personality disorder: a
review. Curr Psychiatry Rep. 2013; 15(1):335. Epub 2012/12/20. doi: 10.1007/s11920-012-0335-2
PMID: 23250816.

Niedtfeld |, Schulze L, Kirsch P, Herpertz SC, Bohus M, Schmahl C. Affect regulation and pain in bor-
derline personality disorder: a possible link to the understanding of self-injury. Biol Psychiatry. 2010; 68
(4):383-91. Epub 2010/06/12. doi: 10.1016/j.biopsych.2010.04.015 PMID: 20537612.

Ducasse D, Courtet P, Olie E. Physical and social pains in borderline disorder and neuroanatomical
correlates: a systematic review. Curr Psychiatry Rep. 2014; 16(5):443. doi: 10.1007/s11920-014-0443-
2 PMID: 24633938.

Bohus M, Wolf M. Interaktives Fertigkeitentraining fir Borderline-Stérungen: Schattauer Verlag; 2009.

Kraus A, Esposito F, Seifritz E, Di Salle F, Ruf M, Valerius G, et al. Amygdala deactivation as a neural
correlate of pain processing in patients with borderline personality disorder and co-occurrent PTSD.
Biol Psychiatry. 2010; 65(9):819-22.

Dickens C, McGowan L, Dale S. Impact of Depression on Experimental Pain Perception: A Systematic
Review of the Literature with Meta-Analysis. Psychosom Med. 2003; 65(3):369-75. PMID: 12764209

Bar KJ, Wagner G, Koschke M, Boettger S, Boettger MK, Schlosser R, et al. Increased prefrontal acti-
vation during pain perception in major depression. Biol Psychiatry. 2007; 62(11):1281—7. doi: 10.1016/
j-biopsych.2007.02.011 PMID: 17570347.

Boettger MK, Grossmann D, Bar KJ. Thresholds and perception of cold pain, heat pain, and the thermal
grill illusion in patients with major depressive disorder. Psychosom Med. 2013; 75(3):281-7. doi: 10.
1097/PSY.0b013e3182881a9¢c PMID: 23460720.

Schneider P, Hannusch C, Schmahl C, Bohus M, Spanagel R, Schneider M. Adolescent peer-rejection
persistently alters pain perception and CB1 receptor expression in female rats. Eur Neuropsychophar-
macol. 2014; 24:290-301. doi: 10.1016/j.euroneuro.2013.04.004 PMID: 23669059

Battle CL, Shea MT, Johnson DM, Yen S, Zlotnick C, Zanarini MC, et al. Childhood maltreatment asso-
ciated with adult personality disorders: findings from the Collaborative Longitudinal Personality Disor-
ders Study. J Personal Disord. 2004; 18(2):193-211. Epub 2004/06/05. PMID: 15176757.

Zanarini MC, Williams AA, Lewis RE, Reich RB, Vera SC, Marino MF, et al. Reported pathological child-
hood experiences associated with the development of borderline personality disorder. Am J Psychiatry.
1997; 154(8):1101-6. Epub 1997/08/01. PMID: 9247396.

PLOS ONE | DOI:10.1371/journal.pone.0133693 August 4, 2015 22/22


http://dx.doi.org/10.1521/pedi.2011.25.5.702
http://dx.doi.org/10.1521/pedi.2011.25.5.702
http://www.ncbi.nlm.nih.gov/pubmed/22023305
http://www.ncbi.nlm.nih.gov/pubmed/14580120
http://www.ncbi.nlm.nih.gov/pubmed/9252330
http://dx.doi.org/10.1016/j.neuroimage.2012.09.038
http://dx.doi.org/10.1016/j.neuroimage.2012.09.038
http://www.ncbi.nlm.nih.gov/pubmed/23006804
http://dx.doi.org/10.1016/j.brainres.2012.11.035
http://www.ncbi.nlm.nih.gov/pubmed/23200718
http://www.ncbi.nlm.nih.gov/pubmed/12023321
http://dx.doi.org/10.1097/NMD.0b013e3181663026
http://www.ncbi.nlm.nih.gov/pubmed/18340259
http://dx.doi.org/10.1371/journal.pone.0033293
http://dx.doi.org/10.1371/journal.pone.0033293
http://www.ncbi.nlm.nih.gov/pubmed/22428013
http://dx.doi.org/10.1007/s11920-012-0335-2
http://www.ncbi.nlm.nih.gov/pubmed/23250816
http://dx.doi.org/10.1016/j.biopsych.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20537612
http://dx.doi.org/10.1007/s11920-014-0443-2
http://dx.doi.org/10.1007/s11920-014-0443-2
http://www.ncbi.nlm.nih.gov/pubmed/24633938
http://www.ncbi.nlm.nih.gov/pubmed/12764209
http://dx.doi.org/10.1016/j.biopsych.2007.02.011
http://dx.doi.org/10.1016/j.biopsych.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17570347
http://dx.doi.org/10.1097/PSY.0b013e3182881a9c
http://dx.doi.org/10.1097/PSY.0b013e3182881a9c
http://www.ncbi.nlm.nih.gov/pubmed/23460720
http://dx.doi.org/10.1016/j.euroneuro.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23669059
http://www.ncbi.nlm.nih.gov/pubmed/15176757
http://www.ncbi.nlm.nih.gov/pubmed/9247396

