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Abstract

The right inferior frontal gyrus (rIFG) and dorsomedial prefrontal cortex (dmPFC) are key nodes in the social brain, impli-
cated in empathy for physical and social pain. However, their causal and dissociable contributions remain unclear. In this
study, 52 young adults underwent focal transcranial direct current stimulation (f-tDCS) targeting the rIFG or dmPFC in
a sham-controlled, double-blind, crossover design. Participants rated the intensity of pain in images depicting social or
physical pain during stimulation. Anodal stimulation of the rIFG increased ratings of physical pain but decreased ratings
of social pain, suggesting distinct roles in empathic processing for these two pain types. However, the nonspecific response
to physical images indicates that the effect may reflect enhanced attentional capture rather than empathy per se. In contrast,
dmPFC stimulation did not modulate ratings, potentially reflecting its role in higher-order social cognitive processes rather
than affective empathy. These results provide causal evidence for the rIFG’s role in shaping responses to others’ pain, with
effects differing across pain types. While some of these effects may reflect enhanced salience or attentional capture rather
than empathy alone, the findings nonetheless support the idea that distinct neural processes contribute to empathy for social
versus physical pain.

Keywords Empathy - Social pain - Physical pain - Dorsomedial prefrontal cortex - Focal transcranial direct current
stimulation

Empathy refers to the ability to understand and share the
mental states of others (Singer et al., 2004) and is the pro-
cess through which we comprehend both the emotional and
physical states of others, including their experience of pain
(Decety & Jackson, 2004; Ferguson & Wimmer, 2023; Gal-
lese, 2003; Timmers et al., 2018). Empathy can often be felt
for others in physical pain, but we also empathise with peo-
ple experiencing social pain, such as bereavement or social
rejection. Considerable research has explored the shared
and unique neural mechanisms underpinning processing of
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physical and social pain in relation to oneself (Kross et al.,
2011; Eisenberger et al., 2012a; Meyer et al., 2015; Ochsner
et al., 2008). However, much less is known about the extent
to which common and unique neural processes are involved
in understanding physical and social pain experienced by
others. Causal evidence for the role of key social brain
regions in relation to processing physical and social pain in
others is lacking.

Although our distinction between empathy for physi-
cal and social pain resembles the division between cog-
nitive and affective empathy (Shamay-Tsoory, 2011), the
two frameworks address different levels of explanation.
The cognitive-affective distinction describes how empathic
processing unfolds, whether through embodied emotional
sharing or through mental-state inference, regardless of the
eliciting stimulus. In contrast, our framework differentiates
empathy by domain: the nature of the painful experience
being understood (physical versus social). Both physical and
social pain can evoke cognitive and affective components,
but accumulating evidence suggests that empathy-related
responses may also depend on domain-general processes,
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such as attentional capture, salience detection, or evalua-
tive decision-making (Corbetta & Shulman, 2002; Hamp-
shire et al., 2010; Zaki & Ochsner, 2012). By explicitly
distinguishing the domain of empathy from the processes
involved, our approach provides a novel theoretical contri-
bution and generates testable predictions about the selec-
tive neural mechanisms supporting empathy for social versus
physical pain.

In this paper, we address these gaps directly by using
focal transcranial direct current stimulation to excite either
the right inferior frontal gyrus (rIFG) or the dorsomedial
prefrontal cortex (dmPFC) while participants rated the
physical or social pain experienced by others. Much of our
understanding of how the brain responds to pain in others
has been acquired through neuroimaging studies that have
focused on empathy for physical pain (Singer et al., 2004;
Masten et al., 2011). This work has consistently shown that
responding to others in physical pain recruits brain regions
such as the anterior insula (Al), the dorsal anterior cingulate
cortex (dACC), and neighbouring cortical regions, includ-
ing the rIFG (Lamm et al., 2011; Masten et al., 2011; Singer
et al., 2004). More recent studies have further elaborated
the contributions of these regions, including structural and
functional associations between the Al and trait empathy for
pain (Li et al., 2020), the rIFG’s causal involvement in pain-
related affective and perceptual processing (Li et al., 2021),
and distributed representations of social pain that extend
beyond the classical pain empathy network (Zhang et al.,
2025). Notably, the AI and rIFG are anatomically adjacent
and functionally interconnected, often co-activating during
empathy tasks and forming part of a broader salience and
attentional control networks (Menon & Uddin, 2010; See-
ley et al., 2007). This raises the possibility that stimulation
effects in these regions may reflect enhanced perceptual sali-
ence or attentional priority rather than empathy alone.

Research into the affective and evaluative response to
social pain in others has received less attention. Social pain
has been conceptualised as a painful response to disrup-
tions in one’s social connections, such as social exclusion
or rejection (Williams, 2007), or as distress arising when a
fundamental need for belonging, control, or meaning goes
unmet (Eisenberger, 2012b; Eisenberger, 2015). More recent
accounts extend the construct beyond rejection to include
a broader class of socially aversive experiences involving
social-evaluative threat, such as embarrassment, humili-
ation, interpersonal conflict, or witnessing one’s own or
others’ social mishaps (Krach et al., 2011; 2015; Laneri
et al., 2017). Although these phenomena differ in their elic-
iting contexts, they share a core feature: they signal a dis-
ruption or threat to social belonging, esteem, or relational
security. In the present study, we use the term social pain as
an umbrella construct capturing a range of socially negative
experiences that evoke distress in response to challenges to
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one’s social standing or connectedness. We also acknowl-
edge that social pain is heterogeneous and that our stimuli
reflect this diversity.

Very little is known about how social pain is processed in
the brain. One potential region of interest is the dorsomedial
prefrontal cortex (dmPFC), a vital hub in the social brain
network (Schurz et al., 2014), implicated in a wide range of
higher-order social cognitive processes, including Theory of
Mind (Spunt & Adolphs, 2017), perspective-taking (Mar-
tin et al., 2017a, 2017b), and self-other processing (Martin
et al., 2019a, 2019b; Wittmann et al., 2016). The dmPFC
may also play a key role in interpreting the cognitive com-
ponent of empathy (Masten et al., 2011), particularly when
understanding complex, context-dependent forms of social
suffering. Notably, Meyer et al. (2013) demonstrated that
activity in the dmPFC increases when individuals empa-
thise with the social pain of strangers, suggesting that this
region supports the inference of others’ internal states even
in the absence of personal familiarity or overt emotional
cues. This sensitivity to inferred meaning and context has
led to the proposal that dmPFC involvement in social pain
may reflect mentalising rather than affective sharing per se.
Unlike physical pain, which may be understood through
embodied simulation, social pain often requires mentalising
and contextual appraisal, functions associated with dmPFC
engagement (Lee et al., 2018; Schurz et al., 2014). There-
fore, excitatory stimulation of the dmPFC may increase sen-
sitivity to socially relevant information, particularly when
processing the social suffering of others.

An unresolved question among empathy researchers is
the extent to which neural processes are shared when pro-
cessing physical and social pain in others (Eisenberg, 2015;
Ferguson et al., 2024; Flasbeck & Briine, 2019; Iannetti
et al., 2013). Some studies have shown that overlapping
neural areas are recruited in response to others in social
and physical pain, despite their diverging phenomenology
(Ferguson et al., 2024). Other studies support dissociable
roles for these brain regions, with the dorsomedial prefrontal
cortex (dmPFC) potentially involved in processing social
pain to a greater extent than physical pain (Bruneau et al.,
2013; Meyer et al., 2015). The physical-social pain overlap
hypothesis (Panksepp, 2003) suggests that social pain relies
on some of the same neural regions involved in process-
ing physical pain, particularly the anterior insula (AI) and
dACC, as well as neighbouring cortical regions, such as the
right inferior frontal gyrus (rIFG) and the dmPFC (Mas-
ten et al., 2011). However, other researchers have contested
the notion that these systems are completely homogenous
(Eisenberger, 2015). Shared neural networks for process-
ing social and physical pain may have evolved as an adap-
tive mechanism, promoting behaviours that help individu-
als respond effectively to threats or challenges (Sturgeon &
Zautra, 2016). Despite this, most research has focused on
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self-experienced social and physical pain, with less atten-
tion given to how these networks contribute to evaluating
others’ pain.

Recent studies have begun addressing this gap by exam-
ining empathy for physical and social pain within matched
experimental paradigms. Ferguson et al. (2024) used EEG
and a pain-rating task with carefully matched stimuli to
investigate neural responses associated with empathy for
physical and social pain. They found greater mu desynchro-
nization, an EEG marker linked to the human mirror neuron
system, in response to pain versus no-pain situations, but no
significant differences between physical and social pain. In
contrast, Flasbeck & Briine (2019) identified distinct early
(330-450 ms) and late (500-700 ms) event-related potential
(ERP) responses, with physically painful stimuli eliciting
stronger late ERP responses than socially painful stimuli,
particularly in components, such as the late positive potential
(LPP). These studies highlight the temporal dynamics of
pain-related processes but reveal limitations in determining
causal relationships between specific brain regions and these
responses. Recent advances in noninvasive brain stimulation
have provided causal evidence for the role of the rIFG and
related regions in modulating responses to others’ pain. For
instance, Wu et al. (2018) showed that excitatory stimula-
tion to the rIFG increased cognitive empathy, while He et al.
(2020) demonstrated that stimulating the rVLPFC reduced
negative emotional reactions to social pain. However, neither
of these studies tested empathy for both physical and social
pain within the same task and cohort, and methodological
limitations, such as nontargeted stimulation and lack of con-
trol sites, limits the interpretability and specificity of the
findings.

The present study aims to provide causal evidence for
the role of the rIFG and the dmPFC in empathy for social
and physical pain in others. These regions were selected as
they represent key hubs in the social brain network, with
potentially complementary roles in processing the social
and physical dimensions of empathy (Bruneau et al., 2013;
Lamm et al., 2007; Masten et al., 2011; Meyer et al., 2015;
Singer et al., 2004). Furthermore, their anatomical loca-
tions are accessible to transcranial direct current stimulation
(tDCS), offering promising targets for future neuromodula-
tory interventions. By employing focal transcranial direct
current stimulation (f-tDCS), this study overcomes the limi-
tations of diffuse stimulation methods, such as conventional
tDCS, allowing us to isolate the contributions of these spe-
cific regions to physical and social empathy.

This investigation directly addresses a key unresolved
question in empathy research: to what extent do neural pro-
cesses overlap when processing physical and social pain in
others? We hypothesize that stimulation of the rIFG will
have opposite effects on physical and social pain, because
this region supports both embodied mirroring of others’

bodily states and top-down regulatory control. Increasing
rIFG excitability is therefore expected to amplify responses
to physically painful cues. In contrast, the same stimulation
is predicted to reduce ratings of others’ social pain, reflect-
ing the rIFG’s established role in inhibitory and regulatory
processes that dampen emotional reactions to socially dis-
tressing information. Conversely, we predict that stimula-
tion of the dmPFC will preferentially increase empathic
responses to social pain, consistent with its involvement in
mentalising and socio-evaluative interpretation of complex
social interactions, with comparatively smaller or no effects
on empathy for physical pain. Finally, by including both
painful and nonpainful stimuli, we are able to test whether
stimulation effects are specific to empathic processing or
whether they generalise to broader changes in salience or
evaluative bias.

This study will provide critical insights into the functional
specialization and interaction of these regions within the
broader empathy network. By testing whether stimulation of
these regions produces overlapping or dissociable effects on
physical and social pain empathy, the study informs ongo-
ing debates about the shared versus unique neural mecha-
nisms that underlie these processes. If overlapping effects
are observed, this would support the physical-social pain
overlap hypothesis, suggesting evolutionary and functional
commonalities. Alternatively, dissociable effects would
indicate distinct neural pathways for processing physical
and social pain, reinforcing the idea that these experiences
engage unique cognitive and affective mechanisms. By iso-
lating the contributions of these brain areas, this research
advances our understanding of empathy’s neural architecture
and offers potential avenues for future targeted interventions
in clinical contexts involving impaired social or emotional
processing.

Methods

Power calculations were conducted using the webpower
package (Zhang & Yuan, 2018) in R. Based on prior f-tDCS
studies reporting large between-group behavioural effects
in social cognition (Martin et al., 2019a), we estimated that
52 participants (26 per stimulation condition) would pro-
vide 80% power to detect a large between-subjects effect
of stimulation (Cohen’s f = 0.40, a = .05). This calcula-
tion was designed to ensure adequate power for the primary
between-group comparison. Owing to the repeated-measures
structure of the task, the design is also sensitive to mod-
erate within-subject effects involving Pain Type and Con-
tent. However, the higher-order interactions examined in
the present study (e.g., Stimulation X Type X Content) are
expected to be smaller in magnitude and were not specifi-
cally powered for. Accordingly, these interaction findings
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should be interpreted with caution and ideally replicated in
larger samples.

Participants were healthy young adults (18-35 years;
predominantly University students), assigned to stimulation
over either the dorsomedial prefrontal cortex (dmPFC; n =
26) or right inferior frontal gyrus (rIFG; n = 26) in a sham-
controlled, double-blinded, crossover study. A between-
subjects approach to stimulation site (dmPFC vs. rIFG) was
adopted to avoid carry-over or interference effects that can
arise when multiple cortical sites are stimulated within the
same individual. Sequential stimulation of different regions
can induce residual neurophysiological changes or alter par-
ticipants’ expectations, complicating interpretation of site-
specific effects. Using separate groups for each site therefore
provides a cleaner comparison of functional specificity while
maintaining the advantages of the within-subject (active vs.
sham) crossover for isolating stimulation effects. Stimula-
tion order was balanced, with half receiving active and half
receiving sham stimulation first. Groups were comparable
in age, gender, autism-quotient scores (Baron-Cohen et al.,
2001), and hospital anxiety and depression scores (Zigmond
& Snaith, 1983; Table 1). Participants were tDCS-naive,
with no history of neurological or psychiatric conditions,
and were compensated for participation. Ethical approval
was obtained from the University of Kent's Research Eth-
ics Committee, following the 1991 Declaration of Helsinki
[Ethics ID: 202116387864337438]. All participants pro-
vided informed written consent before taking part.

Pain rating task

Participants completed a modified version of the pain rat-
ing task (Ferguson et al., 2024; Jackson et al., 2005) using
PsychoPy (2022.1.3). The task included 80 images (taken
directly from Ferguson et al., 2024), with 20 depicting
physical pain, 20 no physical pain, 20 social pain, and 20
no social pain (full set: https://osf.io/f9¢c2r/). Images were
classified as social pain if they depicted interpersonal or
relational distress (e.g., rejection, humiliation, or exclusion)

Table 1 Demographics across stimulation condition groups

rIFG dmPFC p?
M (SD) M (SD)
Age (yr) 22.16 (3.60) 21.42 (3.69) .50
Gender 20F/6M 19F/7TM 75
Autism quotient 20.85 (8.65) 19.81 (9.94) .69
HADS-depression 5.58 (3.67) 6.46 (3.85) 40
HADS-anxiety 7.81 (4.75) 8.00 (4.49) .88

# Between-group comparisons.

SD = standard deviation.
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without physical injury, and as physical pain if they depicted
clear nociceptive harm. Images with overlapping features
or ambiguous cues were excluded. The no-pain conditions
served as perceptual control images matched for scene
content and visual complexity but lacking painful events.
Details of a pretest study that identified and selected suit-
able images are provided in the supplementary materials of
Ferguson et al. (2024).

In addition, we conducted further validation of the stimuli
in an independent sample (N = 61), where participants rated
arousal, salience, pleasantness, and visual complexity. As
expected, pain images received higher arousal and salience
ratings than their matched no-pain images, with smaller dif-
ferences for social than physical stimuli (see Appendix 1 for
full validation data). Importantly, these stimulus character-
istics cannot account for the stimulation effects observed in
the main study. Given that the images were closely matched
on visual complexity and showed only the expected valence
and arousal differences between pain and no-pain conditions,
any modulation by tDCS is unlikely to be driven by low-
level perceptual properties or general emotional reactivity
to the stimuli.

Participants completed four counterbalanced blocks (320
trials total). Each trial consisted of a fixation cross (500 ms),
an image (3500 ms), and a rating screen using a 0—100 vis-
ual analogue scale (Fig. 1). Participants were instructed to
rate how much pain the person in the image was experienc-
ing, consistent with standard empathy-for-pain paradigms
(Singer et al., 2004). Images appeared in random order with
a 500-ms intertrial interval, and the task lasted approxi-
mately 30 minutes per session.

3500ms

500ms

Fig.1 Schematic of the task design and timings. Note. a. Fixation
cross (500 ms); b. stimulus (3,500 ms); ¢. blank screen (500 ms); d.
rating (“How painful was the situation?”’)
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Focal-tDCS

Focal-tDCS was delivered by using a DC-Stimulator Plus
(NeuroConn) with two concentric rubber electrodes (Bor-
toletto et al., 2016; Gbadeyan et al., 2016a). The centre
electrode (2.5 cm diameter) was placed over the target
region, with a surrounding ring electrode (7.5/9.8 cm
inner/outer diameter). This setup, akin to the “4 x 1” focal-
tDCS montage (Alam et al., 2016; Hogeveen et al., 2016;
Kuo et al., 2013), was preferred for cost-efficiency and
comparable focal current delivery (Martin et al., 2017b;
2019a; Martin et al., 2019b). Electrodes were secured
with conductive gel and an EEG cap, with locations iden-
tified using the 10-20 EEG system: dmPFC stimulation
was centred 65% along the Cz-Fpz line (Martin et al.,
2017a), and rIFG stimulation at FC6 (Hogeveen et al.,
2015; 2016). Unlike conventional tDCS, which uses rela-
tively large electrodes that generate a diffuse electric field
across broad cortical areas, focal tDCS (f-tDCS) employs
smaller high-definition electrodes arranged in a concen-
tric montage to concentrate current over a specific cortical
region. This configuration increases the spatial specific-
ity of stimulation, reduces current spread to neighbour-
ing areas, and allows more targeted modulation of neural
activity in the intended region. These properties make

riFG

f-tDCS particularly suitable for causal investigations of
region-specific contributions to social-cognitive processes.

Active and sham stimulation was administered across
two sessions separated by at least 72 hours. During active
stimulation, the current ramped to 1 mA over 5 s, lasting 20
min before ramping down (5 s). Sham stimulation mimicked
active stimulation but only lasted 40 s before ramping down.
This method effectively blinded participants (Gbadeyan
et al., 2016b; Martin et al., 2017a; Martin et al., 2019a;
2019b) with no neurophysiological effect (Stagg et al.,
2013). The study was double-blinded using the stimulator’s
“study mode,” and impedances were maintained below 55
kQ for safety. Stimulation order was counterbalanced across
sessions and brain regions.

SimNIBS (4.1; Thielscher et al., 2015) was used for cur-
rent modelling, replicating experimental parameters (elec-
trode dimensions, current strength, gel thickness). Standard
conductivity values were applied. dmPFC stimulation tar-
geted MNI scalp coordinates (0.5/71.7/46.1), and rIFG stim-
ulation was centered at FC6. Peak E-field magnitudes were
0.13 V/m (rIFG) and 0.09 V/m (dmPFC). We present the
normal component of the electric field (Fig. 2), defined as
the component perpendicular to the cortical surface, which
is thought to more directly influence neuronal excitability
and thus better reflect functionally relevant current flow
(Radman et al., 2007). Because no MRI data were available

dmPFC

E_normal
0

0.1

Fig.2 Theoretical distribution of the normal component of the electric field targeting the dorsomedial prefrontal cortex (dmPFC) and right infe-
rior frontal gyrus (rIFG) during online anodal focal transcranial direct current stimulation (tDCS)
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to run individualized modelling, the modelling presented in
the current study should be considered as approximations of
current flow based on a standard brain from a young adult.

Questionnaires

To ensure rIFG and dmPFC stimulation groups were compa-
rable on autistic traits and mental health characteristics, each
participant completed the following questionnaires.

Autism Spectrum Quotient (AQ). 50-item self-report scale
measuring autism-related traits (range 0-50, higher scores
indicate more traits;Baron-Cohen et al., 2001).

Hospital Anxiety and Depression Scale (HADS). 14-item
scale assessing anxiety (HADS-A) and depression (HADS-
D) (range: 0-21 per subscale, higher scores indicate greater
severity;Zigmond & Snaith, 1983).

Mood Change and Adverse Effects. Mood was assessed
pre- and poststimulation by using the Visual Analogue Mood
Scale (VAMS; Folstein & Luria, 1973). Participants rated
mood descriptors (happy, energetic, afraid, tense, angry,
tired, confused, sad) on a visual scale between a neutral and
corresponding emotional emoji. Adverse effects were meas-
ured post-stimulation (Brunoni et al., 2011) by rating side
effects (headache, scalp pain, tingling, etc.) on a 1-4 scale
(absent-severe). A total adverse effects score was computed.

Procedure

Participants attended two lab-based sessions at least three
days apart. Session 1 included informed consent, demo-
graphics and safety screening, and completion of AQ,
HADS, and VAMS. Stimulation was applied during the pain
rating task. Post-task, participants completed VAMS again
and an adverse effects questionnaire. Session 2 replicated
Session 1 assessments (VAMS pre- and post-task, adverse
effects questionnaire). After the second session, participants
indicated their perceived real stimulation session for blind-
ing assessment. Finally, participants were debriefed and
compensated.

Table 2 Mean pain ratings across all conditions and stimulation sites

Statistical analysis

Analyses were conducted by using JASP (0.18.3; JASP
Team, 2024) and R (4.3.2). A 2x2x2x2 mixed ANOVA
examined the effects of stimulation (sham vs. anodal) at dif-
ferent brain regions (rIFG vs. dmPFC) on social and physi-
cal pain ratings. Within-subject factors included stimula-
tion (sham vs. anodal), pain type (pain vs. no pain), and
content (social vs. physical), with pain ratings (0-100) as
the dependent variable.

Results

Blinding was achieved as participants were unable to guess
the real stimulation session better than chance at either the
rIFG (50% guessed correctly, Xz(l) = 0.00, p = 1.0) or the
dmPFC (58% guessed correctly, Xz(l) =0.62, p = .43).

Pain ratings

Table 2 presents pain ratings for each condition and stimu-
lation site. A mixed ANOVA was conducted to assess how
anodal stimulation to either the dmPFC or rIFG modulated
ratings of social or physical pain. A main effect of TYPE
demonstrated that participants distinguished painful from
non-painful stimuli (pain > no pain), F(1, 50) = 1086.24, p
<.001, 1,2 = 0.96. A Type x Content interaction, F(1, 50)
=45.85, p < .001, np2 = 0.48, showed that this pain differ-
ence was larger for physical content ( =31.64, p < .001,d =
4.49) than for social content (f = 24.57, p < .001, d = 3.49).
This interaction was further subsumed under a four-way
interaction between Brain Region X Stimulation X Type X
Content, F(1, 50) = 4.34, p = .04, 1,> = 0.08. To investigate
this interaction, separate repeated-measures ANOVAs were
conducted for each brain region.

At the rIFG, evidence supported an interaction between
Stimulation X Content X Type, F(1,25)=6.91,p =.02, npz
= 0.22. Separate analyses were conducted for physical and

rIFG dmPFC

Sham Anodal Sham Anodal

M (SD) M (SD) M (SD) M (SD)
Social pain 55.75 (15.96) 50.32 (17.03) 54.40 (12.86) 54.08 (12.25)
No social pain 11.11 (10.69) 10.48 (11.20) 9.63 (9.32) 9.64 (9.21)
Physical pain 60.09 (17.55) 63.56 (18.06) 61.69 (13.83) 61.68 (13.86)
No physical pain 5.08 (4.66) 6.85 (8.73) 5.62 (6.53) 5.77 (7.23)

SD = standard deviation.
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social content to follow-up this effect. For physical content,
the interaction between Stimulation and Type was not sup-
ported, F(1,25) =0.60, p = .45, np2 =0.02. However, a main
effect of Stimulation was observed, with anodal stimulation
increasing pain ratings overall, F(1,25) =6.91, p = .01, npz
= 0.22. For social content, there was a significant Stimula-
tion X Type interaction, F(1, 25) =7.21, p = .01, np2 =0.22.
Simple effects analyses showed that anodal stimulation to
the rIFG reduced ratings for images depicting social pain,
t =3.80, p < .001, d = 0.39, with no significant effect for
social no-pain images, t = 0.44, p = .67, d = 0.05 (Fig. 3).

For the dmPFC, the evidence supported the null hypoth-
esis for all effects of stimulation. Specifically, the interaction
between Stimulation x Content x Type was not supported,
F(1,51)=0.01,p = .92, np2 < 0.001. Likewise, Stimulation
x Content, F(1,51) = 0.04, p = .84, np2 = 0.002, Stimula-
tion x Type, F(1,51) = 0.08, p = .78, 1,” = 0.003, and the
main effect of Stimulation, F(1,51) = 0.003, p = .96, np2
< 0.001, were all nonsignificant. Therefore, stimulation to
the rIFG has dissociable effects on images depicting social
and physical pain with a reduction in pain rating in images
depicting social pain and a general increase in the rating of
physical pain regardless of whether the image depicted pain
or not. Stimulation to the dmPFC had no effects.

Pain ratings over trials

To further explore the significant rIFG stimulation effects
in opposing directions for social and physical pain, we con-
ducted an exploratory analysis of how these stimulation
effects unfolded over trials. This analysis was motivated
by evidence that repeated exposure to others’ pain can lead
to declining empathic responses over time, a pattern often
interpreted as habituation or reduced motivational salience.
We therefore tested whether ratings decreased across succes-
sive presentations and whether stimulation altered this tem-
poral trajectory. We computed a linear mixed-effects model
using the LMER package (Bates et al., 2015) in R. P-values
were obtained by using the Satterthwaite approximation of
degrees of freedom via the ImerTest package (Kuznetsova
et al., 2017). The analysis was performed separately for
physical and social pain. To examine whether the relation-
ship between Trial and Rating was better characterised by a
linear or quadratic function, we compared two mixed-effects
models. Both models included Stimulation as a fixed effect
and random intercepts and slopes for participants, the first
model included a linear fixed effect of trial, whereas the sec-
ond model additionally included a quadratic term for Trial.
Pain ratings over trials are plotted for each stimulation con-
dition and social/physical content in Fig. 4.

For social content, model comparison using a likeli-
hood ratio test revealed that the quadratic model provided a

significantly better fit to the data (Xz(l) =6.00, p = .014).
The Akaike’s Information Criterion (AIC) values also sup-
ported the quadratic model (AIC = 38860) over the lin-
ear model (AIC = 38856). These results suggest that the
relationship between Trial and Rating follows a quadratic
trajectory rather than a linear one. The Stimulation x Trial
interaction was significant, 3 = —3.87, standard error (SE) =
0.79, t(1, 4130.2.1) = —4.90, p < .001, showing that stimu-
lation had a disproportionately stronger effect on reducing
social pain ratings among earlier trials. There was also a
significant effect of Stimulation, 8 = 5.44, SE = 0.79, t(1,
4130.1) = 6.89, p < .001, indicating that ratings in the sham
condition were approximately 5.4 points higher than in the
anodal stimulation condition. For physical content, model
comparison using a likelihood ratio test revealed that the
quadratic model did not provide a significantly better fit
to the data (Xz(l) = 0.14, p = .71). The AIC values also
supported the linear model (AIC = 37553) over the quad-
ratic model (AIC = 37555). These results suggest that the
relationship between Trial and Rating is best characterized
as linear rather than quadratic. The effect of Trial was not
significant, = —2.23, SE = 1.28, t(1,28.64) = —1.75, p =
.09. Likewise, the Trial x Stimulation interaction was not
significant, = 0.72, SE = 0.67, t(1,4160.6) = 1.08, p = .28.
There was however a significant effect of Stimulation, 3 =
—3.50, SE =0.67, t(1,4108.8) = —5.21, p < .001, indicating
that ratings in the sham condition were approximately 3.5
points lower than in the anodal stimulation.

Mood change and adverse effects

As shown in Table 3, Stimulation had no effect on mood
change as measured by the VAMS (negative: F(1, 50) =
0.39, p = .54, n,> = 0.01; positive: F(1,50)=0.71, p = .40,
n,> = 0.01) and did not interact with Stimulation site (nega-
tive: F(1, 50) =0.73, p = .40, np2 = 0.01; positive: F(1, 50)
= 1.24, p = .27, 1, = 0.02). There was also no effect of
Stimulation on adverse effects, F(1, 50) = 0.05, p = .83, np2
< 0.001, and no interaction with Stimulation site, F(1, 50)
=0.01, p = .91, n,2 < 0.001.

Discussion

Building on research showing overlapping neural processes
associated with personal experiences of physical and social
pain, it has been claimed that empathy for physical and
social pain in others also relies on similar underlying neural
processes (Iannetti et al., 2013). However, causal evidence
has been lacking. The aim of this study was to provide site-
specific causal evidence for the roles of the rIFG and dmPFC
in empathic judgments for social and physical pain in others
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Fig.4 Effect of anodal stimulation to the rIFG on physical (left
panel) and social (right panel) pain over trials. Note. Anodal stimula-
tion to the right IFG reduced social pain rating disproportionately in

Table3 Mood change and Adverse effects across stimulation sites
and stimulation types

rIFG dmPFC
Sham Anodal Sham Anodal
M (sd) M (SD) M (SD) M (SD)
VAMS- —1.35 —0.01 -0.49 —0.71 (5.31)
negative (5.79) (5.68) 3.97)
VAMS- -2.02 -2.19 -1.73 —0.47 (2.76)
positive (3.41) (2.92) (2.14)
Adverse 442 (294) 454(3.42) 3.58(3.37) 3.62(2.58)
effects

Visual Analogue Mood Scale (VAMS) scores represent a change
from pre to post levels of mood.

SD = standard deviation.

using focal tDCS. Our results support a site-specific, disso-
ciable role for the rIFG, with excitation decreasing ratings of
social pain and increasing ratings of physical pain.

These results align with research implicating the rIFG
in down-regulating social pain (He et al., 2018; 2020). He
and colleagues (2018; 2020) used electrical and magnetic
stimulation while presenting images depicting social exclu-
sion, requiring participants to reappraise scenarios with
alternative explanations. Excitation of the rIFG improved
reappraisal, reinforcing its role in social pain regulation. Pre-
vious evidence has found specific evidence for the rIFG in
social processing, for example, the rIFG has been linked to
social meaning processing (Martin et al., 2016; Tylén et al.,
2016) in humans and is active in primates during social but
not physical interactions (Sliwa & Freiwald, 2017). Build-
ing on this research, the present study is the first to provide
causal evidence for a dissociable role of the rIFG in empathy
for social and physical pain in the same task. Our findings
contribute to this growing body of evidence, underscoring
the importance of the rIFG in navigating complex social
interactions.

rIFG — Social Pain
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the earliest presentations of painful images. In contrast, stimulation
consistently increased ratings of physical pain over trials.

Our findings align with research indicating that process-
ing social pain in others engages neural pathways distinct
from those involved in perceiving physical pain, likely
reflecting pathways associated with affective processing
and regulation. Woo et al. (2014) identified separate neural
representations for physical pain and social rejection, with
rIFG activity negatively correlated with the dACC, a region
implicated in personal social pain. The rIFG may regulate
social pain by exerting top-down inhibitory control over the
dACC, aligning with its established role in response inhibi-
tion (Aron et al., 2014) and emotion regulation (Ochsner
et al., 2012). Future research should explore rIFG-dACC
connectivity to clarify mechanisms underlying empathy
and emotional regulation in social contexts. Understanding
these pathways could inform interventions for conditions
like social anxiety and depression (Hudd & Moscovitch,
2020; Kupferberg & Hasler, 2023).

The rIFG is also a key hub of the human mirror neu-
ron system (Betti & Aglioti, 2016; Gallese, 2006) and has
been linked to processing physical pain in oneself and oth-
ers (Baird et al., 2011). Observing others in pain increases
rIFG activation (Budell et al., 2010, 2015), and disrupting
the rIFG via TMS slows pain perception in others (Li et al.,
2021). Our study is the first to investigate whether rIFG
excitation heightens the perception of physical pain in oth-
ers. While we found an increase in pain ratings, this effect
was not limited to painful images. Even images depicting
no physical pain (e.g., near misses with sharp objects) led
to increased ratings, suggesting rIFG excitation amplifies
threat detection. The rIFG has been linked to threat detec-
tion (Clark et al., 2012) and increased attentional sensitivity
(Coffman et al., 2012; Falcone et al., 2012). This suggests
that excitation enhances perceptual awareness of potential
harm, heightening perceived discomfort even in the absence
of actual pain.

The dmPFC is associated with higher-order social cog-
nition (Schurz et al., 2014), including empathy (Engen &
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Singer, 2013), and has been proposed as a target for neuro-
stimulation treatments to enhance empathic function (Phil-
lips et al., 2023). However, our study found no effects of
dmPFC stimulation on empathy ratings for social or physi-
cal pain. The nature of our task, which focused on affective
responses to static decontextualised images, may not have
engaged the higher-order cognitive processes underpinning
empathy, typically associated with the dmPFC (Martin et al.,
2019a; Wittmann et al., 2021). These findings suggest that
the efficacy of dmPFC-targeted interventions may be con-
tingent upon task demands that more robustly recruit higher-
order cognitive components of empathic processing.

We expected a general habituation to painful images
over time, leading to lower pain ratings. However, this pat-
tern was only observed for social pain, with no evidence of
change across trials for physical pain in the updated analy-
sis. One possible explanation is that empathic responses to
social pain may weaken due to neural habituation, a process
in which the brain gradually allocates fewer resources to
repeated stimuli (Wilson & Linster, 2008). Such adaptation
may be functional in contexts where pain cannot be allevi-
ated (Summerfield et al., 2008). Although neural habituation
to pain is well documented (Coll et al., 2016; Preis et al.,
2015), behavioural effects on empathy are less consistent
(Lamm et al., 2007). Our exploratory findings suggest that
habituation during repeated exposure to social pain may
differ from responses to physical pain, but further work is
needed to establish the reliability and mechanisms of this
effect.

If habituation contributes to the reduction in social pain
ratings over time, it could also help explain why stimulation
effects appeared to diminish across trials. Preis et al. (2015)
reported neural habituation in the right insula extending to
the rIFG following repeated exposure to painful images, but
whether social and physical pain show distinct patterns of
habituation at the neural level remains unclear. Given the
role of the rIFG in reinterpreting and assigning meaning to
social experiences, changes in activation over time could
influence the efficacy of stimulation. Because tDCS mod-
ulates ongoing neural activity rather than inducing activ-
ity directly, reductions in engagement of this region could
reduce stimulation effects. Future studies should test whether
habituation in rIFG and connected regions contributes to
changes in empathy-related behaviour during repeated expo-
sure, ideally using neuroimaging to track neural responses
over time.

An alternative interpretation for the reduced stimula-
tion effects in later social pain trials relates to differences
between “online” and “offline” stimulation. Online stimu-
lation alters neuronal activity while a cognitive process
is underway, whereas offline effects reflect longer-term
neuroplastic changes (Liebetanz et al., 2002). In our
study, rIFG stimulation may have influenced social pain
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regulation primarily during online stimulation, with lim-
ited carryover effects. Although speculative, this possibil-
ity raises important questions about the mechanisms and
timing of f-tDCS for social pain and should be examined
in future confirmatory studies.

The study should be considered in light of several limi-
tations. Stimulation site was studied as a between-subjects
factor and it would increase power if this was within-sub-
jects. The sample was predominantly university students
and a more representative sample would benefit future
studies. Although our use of real-life photos depicting
pain is ecologically valid, future research should enhance
ecological validity further. Dynamic stimuli or complex
social interactions could assess whether lab-based findings
generalize to real-life empathic responses. Social neuro-
science is moving toward a ‘second-person’ neuroscience
framework (Redcay & Schilbach, 2019), which examines
real-time interactions at behavioural and neural levels.
Neural synchronization has been identified as crucial for
social cognition and interaction (Miiller et al., 2021), and
the rIFG has been shown to exhibit high levels of inter-
personal synchrony (Jasmin et al., 2016; Shamay-Tsoory
et al., 2024), suggesting a role in social connectedness.
Future studies should employ “second-person” neurosci-
entific methods to further explore the role of the rIFG in
empathy for social and physical pain.

Conclusion

This study establishes a site-specific, causal role of the rIFG
in empathy for social and physical pain. Excitation of the
rIFG reduces ratings of social pain while increasing physical
pain ratings, even in the absence of actual harm. In contrast,
no causal role was found for the dmPFC. Exploratory analy-
ses revealed a stronger stimulation effect on social pain rat-
ings early in the task. These findings refine our understand-
ing of key social brain regions in empathy and challenge
shared neural process models for social and physical pain.

Authors’ contributions MDL- conceptualisation, formal analysis, data
curation, writing original draft, visualisation,

AK - investigation, data curation, writing original draft

HF — methodology, formal analysis, writing review & editing

AM - conceptualisation, methodology, formal analysis, investiga-
tion, data curation, writing original draft, writing review & editing,
visualisation, supervision, project administration

Availability of data and materials All data and materials are publicly
available at OSF (https://osf.i0/86sx{/).

Code availability All analysis code are publicly available at OSF
(https://osf.io/86sxf/).


https://osf.io/86sxf/
https://osf.io/86sxf/

Cognitive, Affective, & Behavioral Neuroscience

Declarations

Ethics approval Ethical approval was obtained from the University of
Kent's Research Ethics Committee, following the 1991 Declaration of
Helsinki [Ethics ID: 202116387864337438].

Consent to participate All participants provided written informed con-
sent prior to participation.

Consent for publication All participants provided written informed
consent regarding publication.

Conflicts of interest/Competing interests The authors declare no com-
peting interests

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Alam, M., Truong, D. Q., Khadka, N., & Bikson, M. (2016). Spatial
and polarity precision of concentric high-definition transcranial
direct current stimulation (HD-tDCS). Physics in Medicine and
Biology, 61(12), 4506-4521. https://doi.org/10.1088/0031-9155/
61/12/4506

Aron, A. R., Robbins, T. W., & Poldrack, R. A. (2014). Inhibition
and the right inferior frontal cortex: One decade on. Trends in
Cognitive Sciences, 18(4), 177-185. https://doi.org/10.1016/j.tics.
2013.12.003

Baird, A. D., Scheffer, I. E., & Wilson, S. J. (2011). Mirror neuron
system involvement in empathy: A critical look at the evidence.
Social Neuroscience, 6(4), 327-335. https://doi.org/10.1080/
17470919.2010.547085

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., & Clubley,
E. (2001). The autism-spectrum quotient (AQ): Evidence from
Asperger syndrome/high-functioning autism, males and females,
scientists and mathematicians. Journal of Autism and Develop-
mental Disorders, 31, 5-17.

Bates, D., Méchler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67, 1-48. https://doi.org/10.18637/jss.v067.i01

Betti, V., & Aglioti, S. M. (2016). Dynamic construction of the neu-
ral networks underpinning empathy for pain. Neuroscience &
Biobehavioral Reviews, 63, 191-206. https://doi.org/10.1016/j.
neubiorev.2016.02.009

Bortoletto, M., Rodella, C., Salvador, R., Miranda, P. C., & Miniussi,
C. (2016). Reduced current spread by concentric electrodes in
Transcranial Electrical Stimulation (tES). Brain Stimulation, 9(4),
525-528. https://doi.org/10.1016/j.brs.2016.03.001

Bruneau, E., Dufour, N., & Saxe, R. (2013). How we know it hurts:
Item analysis of written narratives reveals distinct neural

responses to others’ physical pain and emotional suffering. PLoS
One, 8(4), Article e63085.

Brunoni, A. R., Amadera, J., Berbel, B., Volz, M. S., Rizzerio, B. G.,
& Fregni, F. (2011). A systematic review on reporting and assess-
ment of adverse effects associated with transcranial direct current
stimulation. International Journal of Neuropsychopharmacology,
14(8), 1133-1145. https://doi.org/10.1017/S1461145710001690

Budell, L., Jackson, P., & Rainville, P. (2010). Brain responses to facial
expressions of pain: Emotional or motor mirroring? Neurolmage,
53(1), 355-363.

Budell, L., Kunz, M., Jackson, P. L., & Rainville, P. (2015). Mirroring
pain in the brain: Emotional expression versus motor imitation.
PLoS One, 10(2), Article e0107526.

Clark, V. P., Coffman, B. A., Mayer, A. R., Weisend, M. P,, Lane, T.
D. R., Calhoun, V. D., Raybourn, E. M., Garcia, C. M., & Was-
sermann, E. M. (2012). TDCS guided using fMRI significantly
accelerates learning to identify concealed objects. Neurolmage,
59(1), 117-128. https://doi.org/10.1016/j.neuroimage.2010.11.
036

Coffman, B. A., Trumbo, M. C., & Clark, V. P. (2012). Enhancement
of object detection with transcranial direct current stimulation is
associated with increased attention. BMC Neuroscience, 13(1),
108. https://doi.org/10.1186/1471-2202-13-108

Coll, M.-P., Grégoire, M., Prkachin, K. M., & Jackson, P. L. (2016).
Repeated exposure to vicarious pain alters electrocortical pro-
cessing of pain expressions. Experimental Brain Research,
234(9), 2677-2686. https://doi.org/10.1007/s00221-016-4671-z

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and
stimulus-driven attention in the brain. Nature Reviews Neurosci-
ence, 3(3), 201-215. https://doi.org/10.1038/nrn755

Decety, J., & Jackson, P. L. (2004). The functional architecture
of human empathy. Behavioral and Cognitive Neuroscience
Reviews, 3(2), 71-100.

Eisenberger, N. 1. (2012). The neural bases of social pain: Evidence
for shared representations with physical pain. Psychosomatic
Medicine, 74(2), 126.

Eisenberger, N. I. (2012). The pain of social disconnection: Examin-
ing the shared neural underpinnings of physical and social pain.
Nature Reviews Neuroscience, 13(6), 421-434.

Eisenberger, N. I. (2015). Social pain and the brain: Controversies,
questions, and where to go from here. Annual Review of Psy-
chology, 66, 601-629.

Engen, H. G., & Singer, T. (2013). Empathy circuits. Current Opin-
ion in Neurobiology, 23(2), 275-282. https://doi.org/10.1016/j.
conb.2012.11.003

Falcone, B., Coffman, B. A., Clark, V. P., & Parasuraman, R. (2012).
Transcranial direct current stimulation augments perceptual sen-
sitivity and 24-hour retention in a complex threat detection task.
PLoS One, 7(4), Article €34993. https://doi.org/10.1371/journ
al.pone.0034993

Ferguson, H., De Lillo, M., Woodrow-Hill, C., Foley, R., & Bradford,
E. (2024). Neural empathy mechanisms are shared for physical
and social pain, and increase from adolescence to older adult-
hood. Social Cognitive and Affective Neuroscience. https://doi.
org/10.1093/scan/nsae080

Ferguson, H.J. & Wimmer, L. (2023). A psychological exploration of
empathy. In Mezzenzana, F. & Peluso, D. (Eds.), Conversations
on Empathy: Interdisciplinary perspectives on imagination and
radical othering. Routledge.

Flasbeck, V., & Briine, M. (2019). Neural correlates of empathy for
physical and psychological pain. Journal of Psychophysiology.
https://doi.org/10.1027/0269-8803/a000205

Folstein, M. F., & Luria, R. (1973). Reliability, validity, and clinical
application of the visual analogue mood scalel. Psychological
Medicine, 3(4), 479-486.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/0031-9155/61/12/4506
https://doi.org/10.1088/0031-9155/61/12/4506
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1080/17470919.2010.547085
https://doi.org/10.1080/17470919.2010.547085
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.neubiorev.2016.02.009
https://doi.org/10.1016/j.neubiorev.2016.02.009
https://doi.org/10.1016/j.brs.2016.03.001
https://doi.org/10.1017/S1461145710001690
https://doi.org/10.1016/j.neuroimage.2010.11.036
https://doi.org/10.1016/j.neuroimage.2010.11.036
https://doi.org/10.1186/1471-2202-13-108
https://doi.org/10.1007/s00221-016-4671-z
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/j.conb.2012.11.003
https://doi.org/10.1016/j.conb.2012.11.003
https://doi.org/10.1371/journal.pone.0034993
https://doi.org/10.1371/journal.pone.0034993
https://doi.org/10.1093/scan/nsae080
https://doi.org/10.1093/scan/nsae080
https://doi.org/10.1027/0269-8803/a000205

Cognitive, Affective, & Behavioral Neuroscience

Gallese, V. (2003). The manifold nature of interpersonal relations:
The quest for a common mechanism. Philosophical Transac-
tions of the Royal Society of London, Series B: Biological Sci-
ences, 358(1431), 517-528.

Gallese, V. (2006). Embodied simulation: From mirror neuron sys-
tems to interpersonal relations. In Empathy and Fairness (pp.
3-19). John Wiley & Sons, Ltd. https://doi.org/10.1002/97804
70030585.ch2

Gbadeyan, O., McMahon, K., Steinhauser, M., & Meinzer, M.
(2016). Stimulation of dorsolateral prefrontal cortex enhances
adaptive cognitive control: A high-definition transcranial direct
current stimulation study. The Journal of Neuroscience, 36(50),
12530-12536. https://doi.org/10.1523/JNEUROSCI.2450-16.
2016

Gbadeyan, O., Steinhauser, M., McMahon, K., & Meinzer, M. (2016).
Safety, tolerability, blinding efficacy and behavioural effects of a
novel MRI-compatible, high-definition tDCS set-up. Brain Stimu-
lation, 9(4), 545-552.

Hampshire, A., Chamberlain, S. R., Monti, M. M., Duncan, J., &
Owen, A. M. (2010). The role of the right inferior frontal gyrus:
Inhibition and attentional control. Neurolmage, 50(3), 1313-1319.
https://doi.org/10.1016/j.neuroimage.2009.12.109

He, Z., Lin, Y., Xia, L., Liu, Z., Zhang, D., & Elliott, R. (2018). Critical
role of the right VLPFC in emotional regulation of social exclu-
sion: A tDCS study. Social Cognitive and Affective Neuroscience,
13(4), 357-366.

He, Z., Zhao, J., Shen, J., Muhlert, N., Elliott, R., & Zhang, D. (2020).
The right VLPFC and downregulation of social pain: A TMS
study. Human Brain Mapping, 41(5), 1362-1371.

Hogeveen, J., Obhi, S. S., Banissy, M. J., Santiesteban, I., Press, C.,
Catmur, C., & Bird, G. (2015). Task-dependent and distinct roles
of the temporoparietal junction and inferior frontal cortex in the
control of imitation. Social Cognitive and Affective Neuroscience,
10(7), 1003-1009. https://doi.org/10.1093/scan/nsul48

Hogeveen, J., Grafman, J., Aboseria, M., David, A., Bikson, M., &
Hauner, K. K. (2016). Effects of high-definition and conventional
tDCS on response inhibition. Brain Stimulation, 9(5), 720-729.
https://doi.org/10.1016/j.brs.2016.04.015

Hudd, T., & Moscovitch, D. A. (2020). Coping with social wounds:
How social pain and social anxiety influence access to social
rewards. Journal of Behavior Therapy and Experimental Psy-
chiatry, 68, Article 101572. https://doi.org/10.1016/].jbtep.2020.
101572

ITannetti, G. D., Salomons, T. V., Moayedi, M., Mouraux, A., & Davis,
K. D. (2013). Beyond metaphor: Contrasting mechanisms of
social and physical pain. TRENDS in Cognitive Sciences, 17(8),
371-378.

Jackson, P. L., Meltzoff, A. N., & Decety, J. (2005). How do we per-
ceive the pain of others? A window into the neural processes
involved in empathy. Neurolmage, 24(3), 771-779. https://doi.
org/10.1016/j.neuroimage.2004.09.006

Jasmin, K. M., McGettigan, C., Agnew, Z. K., Lavan, N., Josephs, O.,
Cummins, F., & Scott, S. K. (2016). Cohesion and joint speech:
Right hemisphere contributions to synchronized vocal production.
Journal of Neuroscience, 36(17), 4669-4680. https://doi.org/10.
1523/JNEUROSCI.4075-15.2016

JASP Team. (2024). JASP version 0.17.1 [Computer software].

Krach, S., Cohrs, J. C., Loebell, N. C. de E., Kircher, T., Sommer,
J., Jansen, A., & Paulus, F. M. (2011). Your flaws are my pain:
Linking empathy to vicarious embarrassment. PLOS ONE, 6(4),
e18675. https://doi.org/10.1371/journal.pone.0018675

Krach, S., Kamp-Becker, 1., Einhduser, W., Sommer, J., Frissle, S.,
Jansen, A., Rademacher, L., Miiller-Pinzler, L., Gazzola, V., &
Paulus, F. M. (2015). Evidence from pupillometry and fMRI
indicates reduced neural response during vicarious social pain

@ Springer

but not physical pain in autism. Human Brain Mapping, 36(11),
4730-4744. https://doi.org/10.1002/hbm.22949

Kross, E., Berman, M. G., Mischel, W., Smith, E. E., & Wager, T.
D. (2011). Social rejection shares somatosensory representations
with physical pain. Proceedings of the National Academy of Sci-
ences, 108(15), 6270-6275. https://doi.org/10.1073/pnas.11026
93108

Kuo, H.-I., Bikson, M., Datta, A., Minhas, P., Paulus, W., Kuo, M.-F.,
& Nitsche, M. A. (2013). Comparing cortical plasticity induced by
conventional and high-definition 4 X 1 ring tDCS: A neurophysi-
ological study. Brain Stimulation, 6(4), 644—648.https://doi.org/
10.1016/j.brs.2012.09.010

Kupferberg, A., & Hasler, G. (2023). The social cost of depression:
Investigating the impact of impaired social emotion regulation,
social cognition, and interpersonal behavior on social function-
ing. Journal of Affective Disorders Reports, 14, Article 100631.
https://doi.org/10.1016/.jadr.2023.10063 1

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017).
LmerTest package: Tests in linear mixed effects models. Journal
of Statistical Software, 82(13), 1-26. https://doi.org/10.18637/jss.
v082.i13

Lamm, C., Nusbaum, H. C., Meltzoff, A. N., & Decety, J. (2007). What
are you feeling? Using functional magnetic resonance imaging
to assess the modulation of sensory and affective responses dur-
ing empathy for pain. PLoS One. https://doi.org/10.1371/journal.
pone.0001292

Lamm, C., Decety, J., & Singer, T. (2011). Meta-analytic evidence
for common and distinct neural networks associated with directly
experienced pain and empathy for pain. Neurolmage, 54(3), 2492—
2502. https://doi.org/10.1016/j.neuroimage.2010.10.014

Laneri, D., Krach, S., Paulus, F. M., Kanske, P., Schuster, V., Sommer,
J., & Miiller-Pinzler, L. (2017). Mindfulness meditation regulates
anterior insula activity during empathy for social pain. Human
Brain Mapping, 38(8), 4034-4046. https://doi.org/10.1002/hbm.
23646

Lee, M., Ahn, H. S., Kwon, S. K., & Kim, S. (2018). Cooperative and
competitive contextual effects on social cognitive and empathic
neural responses. Frontiers in Human Neuroscience. https://doi.
org/10.3389/fnhum.2018.00218

Li, Y., Zhang, T., Li, W, Zhang, J., Jin, Z., & Li, L. (2020). Linking
brain structure and activation in anterior insula cortex to explain
the trait empathy for pain. Human Brain Mapping, 41(4), 1030-
1042. https://doi.org/10.1002/hbm.24858

Li, Y., Li, W, Zhang, T., Zhang, J., Jin, Z., & Li, L. (2021). Probing the
role of the right inferior frontal gyrus during pain-related empathy
processing: Evidence from fMRI and TMS. Human Brain Map-
ping, 42(5), 1518-1531.

Liebetanz, D., Nitsche, M. A., Tergau, F., & Paulus, W. (2002). Phar-
macological approach to the mechanisms of transcranial DC-stim-
ulation-induced after-effects of human motor cortex excitability.
Brain, 125(10), 2238-2247. https://doi.org/10.1093/brain/awf238

Martin, A. K., Dzafic, 1., Ramdave, S., & Meinzer, M. (2017). Causal
evidence for task-specific involvement of the dorsomedial pre-
frontal cortex in human social cognition. Social Cognitive and
Affective Neuroscience, 12(8), 1209-1218.

Martin, A. K., Dzafic, 1., Robinson, G. A., Reutens, D., & Mowry, B.
(2016). Mentalizing in schizophrenia: A multivariate functional
MRI study. Neuropsychologia, 93, 158—166. https://doi.org/10.
1016/j.neuropsychologia.2016.10.013

Martin, A. K., Huang, J., Hunold, A., & Meinzer, M. (2017). Sex medi-
ates the effects of high-definition transcranial direct current stimu-
lation on “mind-reading.” Neuroscience, 366, 84-94. https://doi.
org/10.1016/j.neuroscience.2017.10.005

Martin, A. K., Huang, J., Hunold, A., & Meinzer, M. (2019). Disso-
ciable roles within the social brain for self—other processing: A
HD-tDCS study. Cerebral Cortex, 29(8), 3642—-3654.


https://doi.org/10.1002/9780470030585.ch2
https://doi.org/10.1002/9780470030585.ch2
https://doi.org/10.1523/JNEUROSCI.2450-16.2016
https://doi.org/10.1523/JNEUROSCI.2450-16.2016
https://doi.org/10.1016/j.neuroimage.2009.12.109
https://doi.org/10.1093/scan/nsu148
https://doi.org/10.1016/j.brs.2016.04.015
https://doi.org/10.1016/j.jbtep.2020.101572
https://doi.org/10.1016/j.jbtep.2020.101572
https://doi.org/10.1016/j.neuroimage.2004.09.006
https://doi.org/10.1016/j.neuroimage.2004.09.006
https://doi.org/10.1523/JNEUROSCI.4075-15.2016
https://doi.org/10.1523/JNEUROSCI.4075-15.2016
https://doi.org/10.1371/journal.pone.0018675
https://doi.org/10.1002/hbm.22949
https://doi.org/10.1073/pnas.1102693108
https://doi.org/10.1073/pnas.1102693108
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1016/j.jadr.2023.100631
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1371/journal.pone.0001292
https://doi.org/10.1371/journal.pone.0001292
https://doi.org/10.1016/j.neuroimage.2010.10.014
https://doi.org/10.1002/hbm.23646
https://doi.org/10.1002/hbm.23646
https://doi.org/10.3389/fnhum.2018.00218
https://doi.org/10.3389/fnhum.2018.00218
https://doi.org/10.1002/hbm.24858
https://doi.org/10.1093/brain/awf238
https://doi.org/10.1016/j.neuropsychologia.2016.10.013
https://doi.org/10.1016/j.neuropsychologia.2016.10.013
https://doi.org/10.1016/j.neuroscience.2017.10.005
https://doi.org/10.1016/j.neuroscience.2017.10.005

Cognitive, Affective, & Behavioral Neuroscience

Martin, A. K., Su, P., & Meinzer, M. (2019). Common and unique
effects of HD-tDCS to the social brain across cultural groups.
Neuropsychologia, 133, Article 107170.

Masten, C. L., Morelli, S. A., & Eisenberger, N. I. (2011). An fMRI
investigation of empathy for “social pain” and subsequent proso-
cial behavior. Neurolmage, 55(1), 381-388.

Menon, V., & Uddin, L. Q. (2010). Saliency, switching, attention
and control: A network model of insula function. Brain Struc-
ture and Function, 214(5-6), 655-667. https://doi.org/10.1007/
$00429-010-0262-0

Meyer, M. L., Masten, C. L., Ma, Y., Wang, C., Shi, Z., Eisenberger, N.
I., & Han, S. (2013). Empathy for the social suffering of friends
and strangers recruits distinct patterns of brain activation. Social
Cognitive and Affective Neuroscience, 8(4), 446-454. https://doi.
org/10.1093/scan/nss019

Meyer, M. L., Williams, K. D., & Eisenberger, N. I. (2015). Why
social pain can live on: Different neural mechanisms are associ-
ated with reliving social and physical pain. PLoS One, 10(6),
Article e0128294.

Miiller, V., Ohstrom, K.-R.P., & Lindenberger, U. (2021). Interactive
brains, social minds: Neural and physiological mechanisms of
interpersonal action coordination. Neuroscience and Biobehav-
ioral Reviews, 128, 661-677.

Ochsner, K. N., Zaki, J., Hanelin, J., Ludlow, D. H., Knierim, K.,
Ramachandran, T., & Mackey, S. C. (2008). Your pain or mine?
Common and distinct neural systems supporting the perception
of pain in self and other. Social Cognitive and Affective Neuro-
science, 3(2), 144-160.

Ochsner, K. N., Silvers, J. A., & Buhle, J. T. (2012). Functional
imaging studies of emotion regulation: A synthetic review and

evolving model of the cognitive control of emotion. Annals of

the New York Academy of Sciences, 1251(1), E1-24. https://doi.
org/10.1111/.1749-6632.2012.06751.x

Panksepp, J. (2003). Neuroscience. Feeling the pain of social loss.
Science (New York, N.Y.), 302(5643), 237-239. https://doi.org/
10.1126/science.1091062

Phillips, H. L., Dai, H., Choi, S. Y., Jansen-West, K., Zajicek, A. S.,
Daly, L., Petrucelli, L., Gao, F.-B., & Yao, W.-D. (2023). Dor-
somedial prefrontal hypoexcitability underlies lost empathy in
frontotemporal dementia. Neuron, 111(6), 797-806.e6. https://
doi.org/10.1016/j.neuron.2022.12.027

Preis, M. A., Kroner-Herwig, B., Schmidt-Samoa, C., Dechent, P., &
Barke, A. (2015). Neural correlates of empathy with pain show
habituation effects. An fMRI study. PLoS One, 10(8), Article
e0137056. https://doi.org/10.1371/journal.pone.0137056

Radman, T., Su, Y., An, J. H., Parra, L. C., & Bikson, M. (2007).
Spike timing amplifies the effect of electric fields on neurons:
Implications for endogenous field effects. Journal of Neurosci-
ence, 27(11), 3030-3036. https://doi.org/10.1523/INEUROSCI.
0095-07.2007

Redcay, E., & Schilbach, L. (2019). Using second-person neurosci-
ence to elucidate the mechanisms of social interaction. Nature
Reviews Neuroscience, 20(8), Article 8. https://doi.org/10.1038/
s41583-019-0179-4

Schurz, M., Radua, J., Aichhorn, M., Richlan, F., & Perner, J.
(2014). Fractionating theory of mind: A meta-analysis of func-
tional brain imaging studies. Neuroscience and Biobehavioral
Reviews, 42, 9-34. https://doi.org/10.1016/j.neubiorev.2014.
01.009

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G.
H., Kenna, H., Reiss, A. L., & Greicius, M. D. (2007). Dis-
sociable intrinsic connectivity networks for salience process-
ing and executive control. The Journal of Neuroscience, 27(9),
2349-2356. https://doi.org/10.1523/JNEUROSCI.5587-06.2007

Shamay-Tsoory, S. G. (2011). The neural bases for empathy. The
Neuroscientist, 17(1), 18-24. https://doi.org/10.1177/10738
58410379268

Shamay-Tsoory, S. G., Marton-Alper, 1. Z., & Markus, A. (2024).
Post-interaction neuroplasticity of inter-brain networks under-
lies the development of social relationship. iScience, 27(2),
Article 108796. https://doi.org/10.1016/j.is¢i.2024.108796

Singer, T., Seymour, B., O’Doherty, J., Kaube, H., Dolan, R. J., &
Frith, C. D. (2004). Empathy for pain involves the affective
but not sensory components of pain. Science (New York, N.Y.),
303(5661), 1157-1162. https://doi.org/10.1126/science.10935
35

Sliwa, J., & Freiwald, W. A. (2017). A dedicated network for social
interaction processing in the primate brain. Science, 356(6339),
745-749. https://doi.org/10.1126/science.aam6383

Spunt, R. P., & Adolphs, R. (2017). A new look at domain specific-
ity: Insights from social neuroscience. Nature Reviews Neuro-
science, 18(9), 559-567.

Stagg, C.J., Lin, R. L., Mezue, M., Segerdahl, A., Kong, Y., Xie, J.,
& Tracey, 1. (2013). Widespread modulation of cerebral perfu-
sion induced during and after transcranial direct current stimu-
lation applied to the left dorsolateral prefrontal cortex. Journal
of Neuroscience, 33(28), 11425-11431. https://doi.org/10.1523/
JNEUROSCI.3887-12.2013

Sturgeon, J. A., & Zautra, A. J. (2016). Social pain and physical
pain: Shared paths to resilience. Pain Management, 6(1), 63-74.

Summerfield, C., Monti, J. M. P, Trittschuh, E. H., Mesulam, M.-M.,
& Egner, T. (2008). Neural repetition suppression reflects ful-
filled perceptual expectations. Nature Neuroscience, 11(9),
1004-1006.

Thielscher, A., Antunes, A., & Saturnino, G. B. (2015). Field mod-
eling for transcranial magnetic stimulation: A useful tool to
understand the physiological effects of TMS? 2015 37th Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC), 222-225. https://doi.org/10.1109/
EMBC.2015.7318340

Timmers, 1., Park, A. L., Fischer, M. D., Kronman, C. A., Heathcote,
L. C., Hernandez, J. M., & Simons, L. E. (2018). Is empathy for
pain unique in its neural correlates? A meta-analysis of neuro-
imaging studies of empathy. Frontiers in Behavioral Neurosci-
ence, 12, 289.

Tylén, K., Philipsen, J. S., Roepstorff, A., & Fusaroli, R. (2016).
Trails of meaning construction: Symbolic artifacts engage the
social brain. Neurolmage, 134, 105-112. https://doi.org/10.
1016/j.neuroimage.2016.03.056

Williams, K. D. (2007). Ostracism. Annual Review of Psychology,
58, 425-452.

Wilson, D. A., & Linster, C. (2008). Neurobiology of a simple mem-
ory. Journal of Neurophysiology, 100(1), 2-7. https://doi.org/
10.1152/jn.90479.2008

Wittmann, M. K., Kolling, N., Faber, N. S., Scholl, J., Nelissen, N.,
& Rushworth, M. F. (2016). Self-other mergence in the fron-
tal cortex during cooperation and competition. Neuron, 91(2),
482-493.

Wittmann, M. K., Trudel, N., Trier, H. A., Klein-Fliigge, M. C.,
Sel, A., Verhagen, L., & Rushworth, M. F. S. (2021). Causal
manipulation of self-other mergence in the dorsomedial prefron-
tal cortex. Neuron, 109(14), 2353-2361.e11. https://doi.org/10.
1016/j.neuron.2021.05.027

Woo, C.-W., Koban, L., Kross, E., Lindquist, M. A., Banich, M.
T., Ruzic, L., Andrews-Hanna, J. R., & Wager, T. D. (2014).
Separate neural representations for physical pain and social
rejection. Nature Communications, 5, 5380. https://doi.org/10.
1038/ncomms6380

Wu, X., Xu, F., Chen, X., Wang, L., Huang, W., Wan, K., Ji, Gong-
Jun., Xiao, Guixian, Xu, Sheng, Yu, Fengqiong, Zhu, Chunyan,

@ Springer


https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1093/scan/nss019
https://doi.org/10.1093/scan/nss019
https://doi.org/10.1111/j.1749-6632.2012.06751.x
https://doi.org/10.1111/j.1749-6632.2012.06751.x
https://doi.org/10.1126/science.1091062
https://doi.org/10.1126/science.1091062
https://doi.org/10.1016/j.neuron.2022.12.027
https://doi.org/10.1016/j.neuron.2022.12.027
https://doi.org/10.1371/journal.pone.0137056
https://doi.org/10.1523/JNEUROSCI.0095-07.2007
https://doi.org/10.1523/JNEUROSCI.0095-07.2007
https://doi.org/10.1038/s41583-019-0179-4
https://doi.org/10.1038/s41583-019-0179-4
https://doi.org/10.1016/j.neubiorev.2014.01.009
https://doi.org/10.1016/j.neubiorev.2014.01.009
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1177/1073858410379268
https://doi.org/10.1177/1073858410379268
https://doi.org/10.1016/j.isci.2024.108796
https://doi.org/10.1126/science.1093535
https://doi.org/10.1126/science.1093535
https://doi.org/10.1126/science.aam6383
https://doi.org/10.1523/JNEUROSCI.3887-12.2013
https://doi.org/10.1523/JNEUROSCI.3887-12.2013
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1016/j.neuroimage.2016.03.056
https://doi.org/10.1016/j.neuroimage.2016.03.056
https://doi.org/10.1152/jn.90479.2008
https://doi.org/10.1152/jn.90479.2008
https://doi.org/10.1016/j.neuron.2021.05.027
https://doi.org/10.1016/j.neuron.2021.05.027
https://doi.org/10.1038/ncomms6380
https://doi.org/10.1038/ncomms6380

Cognitive, Affective, & Behavioral Neuroscience

Xi, Chunhua, & Wang, K. (2018). The eftect of high-definition
transcranial direct current stimulation of the right inferior fron-
tal gyrus on empathy in healthy individuals. Frontiers in Human
Neuroscience, 12, Article 446.

Zaki, J., & Ochsner, K. N. (2012). The neuroscience of empathy:
Progress, pitfalls and promise. Nature Neuroscience, 15(5),
675-680. https://doi.org/10.1038/nn.3085

Zhang, Z., & Yuan, K. H. (2018). Practical Statistical Power Analy-
sis Using Webpower and R [Computer software]. ISDSA Press.
[https://webpower.psychstat.org]

Zhang, X., Qing, P, Liu, Q., Liu, C., Liu, L., Gan, X., Fu, K., Lan,
C., Zhou, X., Kendrick, K. M., Becker, B., & Zhao, W. (2025).
Neural patterns of social pain in the brain-wide representations

@ Springer

across social contexts. Advanced Science (Weinheim, Baden-
Wurttemberg, Germany), 12(18), €2413795. https://doi.org/10.
1002/advs.202413795

Zigmond, A. S., & Snaith, R. P. (1983). The hospital anxiety and
depression scale. Acta Psychiatrica Scandinavica, 67(6),
361-370.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/nn.3085
https://webpower.psychstat.org
https://doi.org/10.1002/advs.202413795
https://doi.org/10.1002/advs.202413795

	A causal and dissociable role for the right inferior frontal gyrus in empathy for physical and social pain
	Abstract
	Methods
	Pain rating task
	Focal-tDCS
	Questionnaires
	Procedure
	Statistical analysis
	Results
	Pain ratings
	Pain ratings over trials
	Mood change and adverse effects
	Discussion
	Conclusion
	References


