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Sandra Carvalho b,d , Óscar F. Gonçalves b,d , André R. Brunoni c , Felipe Fregni e ,
Paulo S. Boggio a,∗
a

Social and Cognitive Neuroscience Laboratory and Developmental Disorders Program, Center for Health and Biological Sciences, Mackenzie Presbyterian
University, 01241-001 Sao Paulo, Brazil
b
Bouve College of Health Sciences, Department of Counseling and Applied Educational Psychology, Northeastern University, Boston, MA, USA
c
Service of Interdisciplinary Neuromodulation (SIN), Department and Institute of Psychiatry and University Hospital, University of São Paulo, São Paulo,
Brazil
d
Neuropsychophysiology Lab – CIPsi School of Psychology, University of Minho, Braga, Portugal
e
Spaulding Neuromodulation Center, Spaulding Rehabilitation Hospital and Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA

h i g h l i g h t s
• Neuromodulation of DLPFC excitability changes empathic affective responses.
• It is proposed a common role for left and right PFC in personal distress modulation.
• It is proposed distinct roles for lateralized DLPFC activity in cognitive empathy.
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a b s t r a c t
The dorsolateral prefrontal cortex (DLPFC) is involved in the cognitive appraisal and modulation of
the pain experience. In this sham-controlled study, with healthy volunteers, we used bi-hemispheric
transcranial direct current stimulation (tDCS) over the DLPFC to assess emotional reactions elicited
by pain observation. Left-cathodal/right-anodal tDCS decreased valence and arousal evaluations compared to other tDCS conditions. Compared to sham condition, both left-cathodal/right-anodal and
left-anodal/right-cathodal tDCS decreased hostility, sadness and self-pain perception. These decreased
sensations after both active tDCS suggest a common role for left and right DLPFC in personal distress modulation. However, the differences in arousal and valence evaluations point to distinct roles of lateralized
DLPFC in cognitive empathy, probably through distinct emotion regulation mechanisms.
© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Seeing other people experience pain, usually results in discomfort and distress. This affective response for pain has been
investigated with neuroimaging studies [1]. These studies have
shown the activation in brain areas such as the dorsolateral
prefrontal cortex (DLPFC), the anterior cingulate cortex and the
anterior insula [1,2].
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Both left and right DLPFC activity have been related to decreased
self-pain perception [3,4], and this modulating seems, appears to be
associated with its main function on general emotional regulation
processes, such as cognitive reappraisal and attention modulation of affective responses [5]. According to Ochsner, Silver and
Buhle (2012) [5], different emotional regulation strategies are associated with a lateralized DLPFC activity: while the left side is
often involved with the meaning reinterpretation of the affective
response, the right side seems to play a role on psychological distancing from the emotional stimulus.
One useful tool to increase our understanding of the role of
DLPFC in one’s affective reaction when seeing other’s pain is transcranial direct current stimulation (tDCS). This simple, but effective
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method of neural modulation has been extensively used to assess
cognitive processing [6,7]. The tDCS is characterized by the application of a low-intensity direct current through electrodes positioned
on the scalp, where cortical activity under anodal electrode usually
increases, whereas, it decreases under cathodal electrode [8].
Previous works with tDCS showed that, anodal stimulation
over left DLPFC decreased self-reported responses of distress in
volunteers seeing images of other people in pain [9]. However,
the speciﬁc role of lateralized DLPFC in modulating the affective
response to observing someone experiencing pain is still not clear.
Given this, we aimed here to investigate the lateralized DLPFC role
in affective pain empathy using a bifrontal TDCS montage, that
would allow modifying left and right DLPFC areas in the opposite
manner, during an emotional-laden movies visualization portraying people under painful situations. The motivation for this study
was to understand further the speciﬁc contribution of DLPFC in
the processing of several behavioral domains during affective pain
empathy process. It has been shown that the affective areas of the
pain matrix are the major neural areas involved when observing
the experience of others in pain [2]. Nevertheless, the majority
of studies investigating the lateralized aspects of DLPFC on emotion regulation and pain processing use of correlational techniques,
leaving unexplained the causal role of such structures in these processes.
Given, the role of both left and right DLPFC on emotion
regulation [5] and in decreased self-pain perception [3,4], we
hypothesized that tDCS would diminish the impact of movies portraying people in pain, as expressed by self-reports of emotional
valence and arousal of the videos, as well as self-reports of changes
in mood and self-pain perception.
Finally, to provide physiological complementary information to
the behavioral data, we include collected pupil dilation responses.
Through its variations, it might be possible to clarify distinct cognitive engagement due to different lateralized DLPFC stimulation
[10]. We expected shorter dilation after tDCS in comparison to sham
condition.
2. Material and methods
2.1. Participants
Twenty-four healthy students of Mackenzie Presbyterian University volunteered (12 males, mean age 23 ± 2.57, range 18–28)
for this study. Inclusion criteria were: (1) age between 18 and 35
years; (2) no history of neurological disorders; (3) no history of
substance abuse or dependence; (4) no current use of central nervous system-effective medication; (5) no history of brain surgery,
tumor, or intracranial metal implantation; (6) no implant of cardiac
pacemaker. This study was conducted in accordance to the ethical
standards of the Declaration of Helsinki and was approved by a local
ethics committee (SISNEP, Brazil; CAAE no. 390,272,000-08).
2.2. Procedures
The study was a double-blinded, randomized, sham-controlled
and single-center study, where the participants were randomly
assigned to one of three different stimulation conditions (leftanodal/right-cathodal, left-cathodal/right-anodal or sham). Prior to
the experiment, all participants responded to a demographic data
survey.
Initially, they were assessed with a visual analog mood scale
(VAMS). Immediately after, they underwent tDCS stimulation during 5 min while resting. The stimulation continued during videos
presentation (pain stimuli task) while the participant’s pupil diameter was measured. After each video the participants evaluated
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it’s emotional valence and arousal. When ﬁnishing this task, the
tDCS was turned off and the volunteers responded once more to
the VAMS and also a self-pain perception scale. The instruments of
evaluation and procedures are described in detail.
2.3. Emotional contagion for pain
The task comprised 8 highly arousing pain video clips from the
Emotional Movie Database [11]. The selected movies were from the
Pain movies categories (no. 1000, 1001, 1002, 1004, 1005, 1006,
1007, 1009), and the averaged validation rates for these stimuli
were, in a 1 to 9-point scale: valence 2 ± 0.1 and arousal 7 ± 0.18.
The videos were presented using the software Nyan 2.0 (Interactive
Minds GmbH). Contrary to the majority of studies in pain empathy that used static images as stimuli, we used videos in order to
make the pain scenes more real [12]. All videos consisted of painful
situations and were 40 s long and had no audio. After the video,
participants were shown two screens in which valence and arousal
ratings were assessed. Participants were asked to rate the emotional impact of the experience of seeing the video clip on a 1 to
9-point Self-Assessment Manikin scale [13]. All the videos were
presented during tDCS stimulation.
2.4. Visual analog mood scale (VAMS)
Before and after the study all participants were assessed
using a visual analog mood scale (VAMS), which uses 5
different mood domains: alert/drowsy; confused/lucid; attentive/neglectful; happy/sad; hostile/friendly. Participants were
asked to rate each domain from 0 to 9 (0 corresponding to 100%
on one pole and 9 corresponding to 100% of the other pole [14,15].
2.5. Self-pain perception assessment – pain-related words
Immediately after watching all the clips and tDCS stimulation,
participants were asked to respond to a subjective self-pain assessment. In this task, participants were requested to rate how much
the following words described their feelings after the ﬁlm clips:
tortured, hurt and sore, using a 7-point scale (1 – nothing/7 – too
much).
Finally, participants were asked to rate their discomfort with
tDCS responding to a questionnaire, which screens for potential
adverse effects.
2.6. Pupil dilation assessment and analysis
Pupil dilation data was registered 220 ms before video onset
(i.e., baseline) and during ﬁlm clips with EAS Binocular Series eyetracking system (interactive minds GmbH) at 120 Hz (sampling
rate) using the Nyan 2.0 software (interactive minds GmbH). In
order to control for possible environmental interference and pupillary response to light, the study was conducted in a dark and silent
room, where participants were seated comfortably at a distance of
1 m from a 19-inch monitor (Lenovo® L197) with their head stabilized by an ophthalmologic chinrest. For pupil dilation analysis,
the average pupil dilation for the whole video was obtained and
corrected by its baseline. The baseline used was the pupil dilation
response in the 100 ms prior to video exposition, during a ﬁxation
cross screen.
2.7. Transcranial direct current stimulation
Participants were randomly assigned to one of the three different stimulation conditions in a between-subjects design: anode on
the left DLPFC (F3 according to the 10–20 EEG system) and cathode
on the right DLPFC (F4); cathode on the left DLPFC and anode on
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Table 1
Effect of tDCS on emotional valence and arousal assessment.

Fig. 1. TDCS effects on Valence and Arousal video evaluations.
Blue, red and green dots represent the mean rating of each video during anodal
left/cathodal right, cathodal left/anodal right and sham stimulation, respectively.
The vertical axis represents the arousal (being 1 very negative and 9 very positive).
The horizontal axis represents the valence (being 1 not arousing and 9 very arousing). (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

the right DLPFC; or sham stimulation (same position as one of the
active conditions, however the current was turned off after 30 s).
The tDCS positioning was deﬁned in accordance to a previous study
showing effective modulation in a pain empathy task [9]. All tDCS
placement measures were in accordance with the 10–20 EEG positioning system [16]. A 2 mA direct current was delivered through
a pair of 35 cm2 (5 cm × 7 cm) electrodes in saline soaked sponges;
tDCS started 5 min prior to the experimental task, and throughout
the entirety of the task (resulting in a total of approximately 15 min
of stimulation).
3. Results
The entire procedure was well tolerated by all the participants
and no adverse effects were reported. Participants only reported an
initial and transient itching sensation.
Statistical analyses were carried out using SPSS software (version 20). Repeated-measures analysis of variance (ANOVA) was
conducted to measure the impact of tDCS on scales evaluation
and pupil dilatation. When appropriate, Fisher’s Least Signiﬁcant
Difference (LSD) Post-Hoc tests were performed.

Condition

Movies

Valence
Mean (±SE)

Arousal
Mean (±SE)

AnF3/CtF4

1
2
3
4
5
6
7
8

1.75
1.25
2.38
1.63
2.63
1.25
2.13
2.13

±0.52
±0.28
±0.49
±0.47
±0.47
±0.42
±0.42
±0.46

8.13
8.50
7.13
7.38
7.38
8.13
7.25
7.13

±0.71
±0.53
±0.63
±0.65
±0.50
±0.52
±0.52
±0.80

CtF3/AnF4

1
2
3
4
5
6
7
8

4.00
2.63
4.13
3.50
3.88
2.88
3.25
3.50

±0.52
±0.28
±0.49
±0.47
±0.47
±0.42
±0.42
±0.46

5.88
6.63
4.00
5.50
4.75
6.63
5.88
5.25

±0.71
±0.53
±0.63
±0.65
±0.50
±0.52
±0.52
±0.80

Sham

1
2
3
4
5
6
7
8

1.75
1.38
2.63
1.50
2.63
2.13
1.75
2.13

±0.52
±0.28
±0.49
±0.47
±0.47
±0.42
±0.42
±0.46

7.38
8.50
7.50
8.38
6.50
7.50
7.75
7.63

±0.71
±0.53
±0.63
±0.65
±0.50
±0.52
±0.52
±0.80

Values are described as mean +/- SE.

p2 = 0.2) and tDCS (F2,21 = 7.3, p = 0.004, p2 = 0.4) was found. Similar to the above results, no signiﬁcant effects were found for the
interaction tDCS and Videos (F14,147 = 1.2, p = 0.3, p2 = 0.1). With
regard to the tDCS effect, LSD post-hoc revealed signiﬁcant differences between left-cathodal/right-anodal in comparison with
left-anodal/right-cathodal (p = 0.004) and sham (p = 0.003). As it can
be seen in Fig. 1, this effect was due to a decreased arousal response
during left-cathodal/right-anodal stimulation.
During left-cathodal/right-anodal condition, participants presented decreased negative valence evaluation by 80 ± 36% and
90 ± 34% in comparison with sham and left-anodal/right-cathodal
conditions, respectively, and decreased arousal evaluation by
27 ± 11% and 27 ± 9% in comparison with sham and leftanodal/right-cathodal conditions, respectively.

3.1. Effect of tDCS on emotional valence and arousal assessment
A mixed ANOVAs with valence scores as dependent variable, tDCS (left-anodal/right-cathodal, left-cathodal/right-anodal
and sham) as between-subjects factor and Videos (8 movies)
as within-subjects factor, revealed a signiﬁcant main effect
of Videos (F7,147 = 5.1, p < 0.001, p2 = 0.2) and also of tDCS
(F2,21 = 8.2, p = 0.002, p2 = 0.4). No signiﬁcant effect for the interaction between tDCS and Videos were found (F14,147 = 0.7, p = 0.8,
p2 = 0.06). Regarding the tDCS effect, LSD post-hoc indicated signiﬁcant valence differences between left-cathodal/right-anodal in
comparison with left-anodal/right-cathodal (p = 0.002) and sham
(p = 0.003). As it can be seen in Fig. 1 and Table 1, this effect
was due to a decreased negative valence assessment during leftcathodal/right-anodal tDCS.
To analyze differences in emotional arousal, another mixed
ANOVAs were conducted with arousal scores as the dependent variable, tDCS as between-subjects factor and Videos as within-subjects
factors. A signiﬁcant main effect of Videos (F7,147 = 4.7, p < 0.001,

3.2. Effects of tDCS on pupil dilation response to the pain videos
A mixed ANOVAs with pupil dilation average as the dependent variable was performed, with the tDCS as between-subject
factor and Videos as within-subjects factor revealed signiﬁcant
main effects of Pupil Dilatation for tDCS (F2,19 = 3.5, p = 0.049,
p2 = 0.3) and Videos (F7,133 = 56.8, p < 0.001, p2 = 0.8). Once again,
no signiﬁcant interaction between tDCS and Videos was found
(F14,133 = 0.7, p = 0.8, p2 = 0.07). With regard to tDCS, LSD post-hoc
showed signiﬁcant differences on pupil dilatation variation during
left-cathodal/right-anodal in comparison with left-anodal/rightcathodal condition (p = 0.02) and trend to signiﬁcant effect in
comparison with sham condition (p = 0.07). These effects were
due to a larger variation of pupil dilatation as compared to baseline for left-cathodal/right-anodal (0.12 ± 0.02) with respect to the
observed variation for sham (0.07 ± 0.02) and left-anodal/rightcathodal (0.06 ± 0.02) conditions.
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3.4. Effect of tDCS on mood
Mixed ANOVAs were conducted for each mood component considering the type of stimulation and Time (pre vs post tDCS). We
found a signiﬁcant interaction of tDCS and Time for hostile/friendly
dimension (F2,17 = 4.13, p = 0.04, p2 = 0.3) and a trend for tDCS
and Time interaction effect for happy/sad dimension (F2,17 = 2.9,
p = 0.08, p2 = 0.25). As can be seen in Fig. 3, participants reported
an increase on hostile feelings after sham condition as compared to
the baseline (p = 0.007), while no differences were observed for both
left-anodal/right-cathodal (p = 1.0) and left-cathodal/right-anodal
(p = 0.5). No other signiﬁcant effects were found for the remaining
mood components.

4. Discussion
Fig. 2. TDCS effects over pain-related words.
Blue, red and green dots represent the mean rating of each word during anodal
left/cathodal right, cathodal left/anodal right and sham stimulation, respectively.
Bars represent SD. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

3.3. Effects of tDCS on subjective self-pain perception
Mixed ANOVAs was conducted with self-pain perception score
as the dependent variable, tDCS as between-subjects factor and
Words (tortured, hurt and sore) as within-subjects factor. No signiﬁcant effects for Words (F2,42 = 0.6, p = 0.6, p2 = 0.03) and for the
interaction between Words and tDCS was found (F4,42 = 0.8, p = 0.5,
p2 = 0.07). However, the ANOVAs revealed a signiﬁcant main effect
for tDCS (F2,21 = 9.5, p = 0.001, p2 = 0.5). LSD post-hoc showed a
signiﬁcant difference between sham tDCS and left-anodal/rightcathodal (p = 0.003) and left-cathodal/right-anodal (p = 0.001). No
signiﬁcant difference was observed between the active conditions
(p = 0.5). This effect was due to reduced scores of self-pain perception for both active conditions as compared to sham as illustrated
in Fig. 2. .

Our ﬁndings are consistent with our initial hypothesis that tDCSinduced modulation of DLPFC excitability changes the empathic
affective responses for observed pain. Our ﬁndings can be divided
into two main contributions. We ﬁrst show that both active DLPFC
stimulation conditions have a similar effect on self-pain perception
and mood response (indexed by hostility). This effect is consistent
with previous literature showing that both left and right DLPFC
have similar roles in emotion regulation [5]. In the same line,
the general response of decreased self-pain perception when seeing other’s in pain agrees with neuromodulation studies showing
that tDCS-induced imbalance of left and right DLPFC is associated with a decreased self-pain perception when receiving painful
stimuli [9]. Speciﬁcally, Boggio et al. [3] found that left DLPFC activity enhancement results in increased pain threshold. Additionally,
Boggio et al. [9] found that left DLPFC anodal stimulation decreased
self–discomfort and unpleasantness judgments of pictures from
people with injuries. These categories assess self-oriented reactions
linked to affective/motivational component of pain when seeing
others in painful situations [2]. More recently, another study by
Brunoni et al. [17] showed that anodal left/cathodal right stimulation was associated with decreased heart rate variability and
salivary cortisol levels in response to negative stimuli. In summary,
our ﬁndings suggest that tDCS-induced DLPFC lateralized activity,
regardless of the direction, is associated with a general affective
modulation.

Fig. 3. TDCS effects over mood scales.
Blue, red and green dots represent the mean rating of each video during anodal left/cathodal right, cathodal left/anodal right and sham stimulation, respectively. Bars represent
standard deviation values. (A) shows ratings of how Hostile (1) or Friendly (9) subjects felt before and after the video evaluation task. (B) shows ratings of how Happy (1) or
Sad (9) subjects felt before and after the video evaluation task. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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The second important contribution of this study was to show
that though both left and right DLPFC areas are involved in emotional regulation of pain, we observed a speciﬁc effect for cathodal
left/anodal right stimulation on valence and arousal. This condition
of stimulation was associated with decreased valence and arousal
for the pain empathy stimuli. A possible explanation for this effect
could be speculated from recent ﬁndings, which showed speciﬁc
hemispheric roles for emotional regulation. According to Ochsner
et al. [5], neuroimaging studies have shown that left hemisphere is
involved in both increasing and decreasing emotional responses
through cognitive reappraisal, whereas, the right hemisphere is
involved with decreased emotional response only (but to a greater
extent when compared to the left). The cognitive reappraisal tactics are also proposed to be different between hemispheres: the left
DLPFC appears to be more active in reinterpreting or drifting attention from negative stimulus, whereas, the right is more related to
psychological distancing techniques [5].
Therefore, we can hypothesize that the right DLPFC anodal stimulation may have led to a stronger down-regulation of empathic
pain through the psychological distancing of the negative stimuli,
leading to a decreased self-pain perception and decreased perception of intensity and valence of the videos. Meanwhile, the left
hemisphere anodal stimulation may have acted on emotional regulation through a different mechanism that regulated how other’s
pain affects the self, but maintaining the cognitive perception of
the videos as highly negative and intense. Pupillary response data
seems to support this hypothesis, since the increased pupil dilation during cathodal left/anodal right may reﬂect higher cognitive
demands due to reappraisal processes [10]. Nonetheless, future
studies should address this hypothesis by evaluating the strategies
used to cope with the stimuli.
Our study has some limitations. First, we used the 10–10 EEG
system to localize the DLPFC. A recent study has proposed the use
of an alternate method for DLPFC localization, the Omini-LateralElectrode-System (OLE System) [18]. This study shows that the
OLE system reduces between subject current ﬂow variability. It is
unclear whether this system would also enhance behavioral results,
but this should be further explored in future studies. In addition,
it is also important to consider the possibility that our ﬁndings
could have been due to indirect effects of tDCS over other areas
(including pain matrix) besides the DLPFC. Future studies combining neuroimaging and neuromodulation methods can test this
mechanistic hypothesis. Another limitation is the lack of neurophysiological data to support potential mechanisms explaining our
data. The classical notion of a broad excitation under the anode
electrode and inhibition under the cathode electrode has been challenged by recent studies [19]. For instance, it has been shown that
different current intensities can result in an opposite effect on cortical excitability [19], and also on behavioral responses [6]. Therefore,
further studies should also investigate dose-dependent response.

5. Conclusion
This study helps clarify the differential role of DLPFC hemispheres on different components of pain perception. Our ﬁndings
further suggest a bilateral DLPFC involvement on self-regulation
and a differential role of the right DLPFC on valence/arousal evaluation for other’s pain. These ﬁndings, therefore, advance further our
understanding of the network involved in the emotional processing
of affective empathy for pain. Furthermore, the novel insight that
right and left DLPFC may affect pain perception through different
mechanisms may also help to develop better markers to assess cognitive pain processing such as using event related potentials and
also interventions based of focal modulation of cortical areas such
as with the use of novel brain stimulation techniques. In fact, there

is a need to develop better interventions and ﬁnd novel targets for
neuromodulatory treatments for pain. One of the areas of investigation is the target of neural areas related to affective processing.
Our study provides, therefore, initial data that could be helpful for
development of novel targets for brain stimulation.
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