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Abstract

Background. While implicit distraction could ameliorate negative feelings in patients with
major depressive disorders (MDD), it remains unclear whether patients could benefit from
explicit, voluntary distraction. Meanwhile, though the dorsolateral prefrontal cortex
(DLPFC) is established as a crucial brain region involved in attentional control, the causal
relationship between the DLPFC and voluntary distraction is unexplored in patients.
Methods. Combing explicit distraction and transcranial magnetic stimulation (TMS), this
study investigated whether TMS-activated DLPFC facilitates voluntary distraction in MDD
patients. Eighty patients diagnosed with current MDD underwent either active (n = 40) or
sham (n = 40) TMS sessions, followed by receiving negative social feedback from other
patients, during which they were requied to use distraction strategy to down-regulate their
painful feelings. Electroencephalogram was recorded during the task.
Results. Both the subjective emotional rating and the amplitude of late positive potential
showed that depressed patients successfully down-regulate their negative emotions via volun-
tary distraction, and the TMS-activated left DLPFC produced a larger benefit of emotion regu-
lation compared to the sham TMS group. Results also revealed that while emotion regulation
effect was negatively associated with depressive symptoms in the sham TMS group, this cor-
relation was largely diminished when patients’ left DLPFC was activated by TMS during the
voluntary distraction.
Conclusions. These findings demonstrated that distraction is valuable for emotion regulation
in MDD patients and they could be beneficial in voluntary distraction by activating their left
DLPFC using neural modulation techniques. This study has valuable implications for clinical
treatement of emotional dysregulation in MDD patients.

Introduction

Major depressive disorder (MDD) is one of the most prevalent, disabling, and burdensome
mental disorders worldwide (Friedrich, 2017; GBD, 2018). According to the cognitive
model of depression (Beck & Bredemeier, 2016; Disner, Beevers, Haigh, & Beck, 2011; Lau
& Waters, 2017), negative biases in attention, interpretation, attribution, and memory
would result in sustained states of downcast mood, which plays an imperative role in the devel-
opment and maintenance of MDD. Furthermore, difficulties in recovering from negative
experiences would exacerbate depressive symptoms, thus initiating a vicious loop between per-
sistent depressive episodes and emotion dysregulation (see Joormann and Stanton, 2016 for a
review). Indeed, the deficit of emotion regulation is such a well-known problem in MDD
patients that a mass of evidence has revealed their difficulty in voluntarily selecting adaptive
strategies for emotion recovery as well as impaired prefrontal control network responsible
for emotion regulation (see Joormann & Stanton, 2016; Rive et al., 2013 for reviews). Thus,
it’s critical and urgent to find a proper method to help recover patients’ capability of emotion
regulation.

One potential and frequently investigated strategy is distraction, which is considered as
the ‘first aid’ tool to rapidly attenuate negative mood (Shafir, Schwartz, Blechert, &
Sheppes, 2015). Distraction is implemented via attention redeployment, namely, redirecting
attention to non-negative portions of the original scene or unrelated neutral thoughts so as to
block in-depth processing of emotional information (Gross, 2015; Sheppes et al., 2014).
Neuroimaging studies have shown that distraction leads to reduced negative feelings and
decreased activation in the affective generation brain regions, such as the amygdala and
insula, in both healthy individuals and depressive patients (Fales et al., 2008; Joormann,
Siemer, & Gotlib, 2007; McRae et al., 2010; Wolkenstein & Plewnia, 2013). Typically,
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Kanske, Heissler, Schönfelder, and Wessa (2012) required
depressed patients to do arithmetic when they viewed emotional
pictures and found the distractive arithmetic task improved
patients’ emotional ratings of negative pictures. In line with
these findings, the attention bias modification (ABM) procedures
has been proposed as a promising antidepressant therapy to alter
negative attention bias in patients (Browning, Holmes, Charles,
Cowen, & Harmer, 2012). For instance, Beevers, Clasen, Enock,
and Schnyer (2015) applied the ABM training using a dot-probe
task (i.e. implicitly directing the attention of MDD patients away
from negative pictures and toward neutral stimuli), which found
that the active training group exhibited significant alleviation in
depressive symptoms compared to the placebo group.
Consistently, neuroimaging evidence showed reduced amygdala
activity during viewing negative pictures in MDD patients after
they received the ABM training (Hilland et al., 2020). While
these pioneering studies provided important insights on atten-
tion deployment for emotion regulation, most of them examined
passive or implicit distraction (Hilland et al., 2020; Kanske et al.,
2012); that is, individual’s emotional experience alters uncon-
sciously without explicit regulation goals or deliberate attention
control (Braunstein, Gross, & Ochsner, 2017; Etkin, Büchel, &
Gross, 2015; Gyurak, Gross, & Etkin, 2011). Thus, these findings
could not robustly attribute the improved emotional response
and/or neural reactivity to the implementation of the distraction
strategy. In contrast to implicit distraction, the explicit form of
distraction involves predefined and distinct regulation goals as
well as controlled attentional deployment (Braunstein et al.,
2017; Etkin et al., 2015). This raised the first issue of this
study that whether explicit and voluntary distraction is a value-
able method for modulating emotions in depressed patients.
Could the regulation benefits observed in implicit distraction
generalize to explicit distraction in patients? This study used a
standard emotion regulation task (Zhao et al., 2021) to directly
examine the effect of explicit distraction on down-regulating
negative emotions in MDD patients.

According to the neural model of emotional processing pro-
posed by Etkin et al. (2015), implicit and explicit emotional regu-
lation have both overlapping and distinct neural basis. In general,
while implicit regulation predominantly involves the medial pre-
frontal cortices (PFC) to modulate subcortical affective generation
areas, explicit emotional regulation additionally needs the lateral
PFC regions for goal maintenance and top-down cognitive con-
trol (see Braunstein et al., 2017; Frank et al., 2014; Morawetz,
Bode, Derntl, & Heekeren, 2017 for reviews). More relevant to
the interest of this study, neuroimaging studies in healthy people
have demonstrated that explicit distraction involves a large area of
brain cortices including the frontal, parietal, and cingulate net-
works to serve the goal of top-down modulating the neural activ-
ity in emotion generative regions such as the amygdala and insula
(Dörfel et al., 2014; Ferri, Schmidt, Hajcak, & Canli, 2016).
Among these brain regions, the dorsolateral prefrontal cortex
(DLPFC) plays a prominent role in attention deployment and
maintenance, which modulates the amygdala activation via the
parietal and cingulate pathways (Kanske et al., 2012; Li et al.,
2021; Park et al., 2019; Zhao et al., 2021). In particular, healthy
individuals show increased activation in the bilateral DLPFC
and decreased negative feelings when they are instructed to direct
attention to non-emotional portions of unpleasant pictures (Ferri
et al., 2016; Ferri, Schmidt, Hajcak, & Canli, 2013). Also, evidence
on functional connectivity indicates that distraction is accompan-
ied by intensified negative coupling between the DLPFC and

amygdala (Kanske, Heissler, Schönfelder, Bongers, & Wessa,
2011). A recent study in our lab used transcranial magnetic stimu-
lation (TMS) and found that participants with TMS-facilitated
DLPFC showed more significant social pain relief via distraction,
compared to reappraisal, strategy, suggesting a relatively specific
role of the DLPFC in voluntary distraction (rather than
reappraisal) (Zhao et al., 2021).

Of note, the DLPFC (especially its left part) has been shown
structurally and functionally damaged in depressed patients,
reflected by reduced gray matter volume (Li et al., 2010; Sacher
et al., 2012) and abnormal neural activation (Donofry, Roecklein,
Wildes, Miller, & Erickson, 2016; Rive et al., 2013). Clinically, the
left DLPFC is well recognized as a brain target for neuromodula-
tion intervention during antidepressant treatment; using TMS to
modulate and activate the left DLPFC has been proved to relieve
depressive symptoms effectively in a considerable number of
treatment-resistant MDD patients (Chen et al., 2013; George
et al., 2010; Lefaucheur et al., 2020). Regarding to attention alloca-
tion that is relevant to distraction, previous studies found that
MDD patients showed negative attention bias in the distracter
inhibition task, reflected by increased amygdala response and
reduced recruitment of the DLPFC in response to negative emo-
tional distracters (Fales et al., 2008). Intriguingly, this negative
attention bias in MDD patients was ameliorated by implementing
anodal transcranial direct current stimulation (tDCS) on the left
DLPFC, suggesting that facilitating the DLPFC could enhance the
attentional control capability in patients (Wolkenstein & Plewnia,
2013). However, it has still been unexplored regarding the causal
role of the left DLPFC in voluntary distraction in MDD patients.

The present study aimed to investigate whether TMS-activated
left DLPFC could facilitate down-regulating negative emotions via
voluntary distraction in patients with current MDD. We evaluated
the distraction process in social scenarios because our previous
studies showed that evoking and regulating painful social emo-
tions enhances study power (He, Liu, Zhao, Elliott, & Zhang,
2020a; He et al., 2020b). In particular, adverse interpersonal
events are highly self-relevant and often compose chief com-
plaints of patients when they seek psychiatric treatment (Nasso,
Vanderhasselt, Schettino, & De Raedt, 2022; Rappaport &
Barch, 2020). Therefore, social pain would enhance their motiv-
ation for emotion regulation, compared to non-social negative
emotions elicited by such as the International Affective Picture
System (IAPS; Lang, Bradley, & Cuthbert, 2005). In line with
this idea, we used an adapted version of the social judgment
task (Somerville, Heatherton, & Kelley, 2006) to induce social
pain in this study, during which MDD patients received negative
social feedback from other patients and were informed to down-
regulate their negative feelings using distraction strategy.
Consistent with our previous studies (He et al., 2020b; Li et al.,
2022; Zhao et al., 2021), we mainly examined two dependent vari-
ables. The first one was the subjective emotional rating, which has
been widely used to assess emotional experiences (Mauss &
Robinson, 2009). The second variable was the parietal late positive
potential (LPP) amplitude, which is a sensitive electrophysio-
logical marker of emotion reactivity (Kennedy & Montreuil,
2021). Many previous studies have revealed that down-regulating
negative emotions via distraction could reliably reduce both
negative feelings and LPP amplitudes (Shafir et al., 2015;
Thiruchselvam, Blechert, Sheppes, Rydstrom, & Gross, 2011;
Zhao et al., 2021). Considering the critical role of the DLPFC
on distraction in healthy people, we expected in this study that
TMS-facilitated DLPFC would result in attenuated negative
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emotional rating as well as reduced LPP amplitudes in MDD
patients (compared to the patients in the sham TMS group) dur-
ing explicit distraction.

Methods

Participants

During the experiment design, we conducted a prior power ana-
lysis using G*Power 3.1.7 (F tests, ANOVA: repeated measures,
within-between interaction) based on the effect size (averaged
h2
p = 0.106) reported in our previous, related TMS study (He

et al., 2020a; Li et al., 2022; Zhao et al., 2021). According to the
result of this power analysis, 20 participants in total would ensure
95% statistical power. However, 10 participants per group are such
a small sample size in present-day neuroscience studies. Thus, we
finally decided to include 40 participants per TMS group, which
ensured a statistical power near 100%.

As a result, a total of 80 patients were recruited from Beijing
Huilongguan Hospital. They were diagnosed with a current
major depressive episode according to the Diagnostic and
Statistical Manual (DSM-IV; American Psychiatric Association,
1994). The diagnosis was based on a structured clinical interview
for DSM-IV (SCID-I/P W/PSY SCREEN; First, Spitzer, Gibbon,
and Williams, 2002). Exclusion criteria were current or lifetime
neurological disorders and any comorbid Axis I disorder. At
the time of the experiment, patients were either in their first-
episode depression (n = 53) or receiving medication [antidepres-
sants (n = 3), antipsychotics (n = 5), and both antidepressants &
antipsychotics (n = 19)].

Patients were randomly assigned to the active (real) or sham
TMS group. They completed five questionnaires on the day of
the experiment: (1) the Beck Depression Inventory Second
Edition (BDI-II; Beck, Steer, and Brown, 1996), (2) the Trait
form of Spielberger’s State-Trait Anxiety Inventory (STAI-T;
Spielberger, Gorsuch, Lushene, Vagg, and Jacobs, 1983), (3) the
Rejection Sensitivity Questionnaire (RSQ; Downey and
Feldman, 1996), (4) the Liebowitz Social Anxiety Scale (LSAS;
Liebowitz, 1987), and (5) the distraction subscale of the
Thought Control Questionnaire (TCQ-D; Wells and Davies,
1994). As shown in Table 1, no significant difference was found
between the two TMS groups with respect to demographical char-
acteristics, age of illness onset, duration of illness, number of epi-
sodes, and medication use.

Written informed consent was obtained prior to the experiment.
The study was approved by the Ethics Committee of Beijing
Huilongguan Hospital (approval number: 2020-38-research). We
provided a free psychological consultation to each participant
immediately after the experiment. The psychological consultation
was conducted by an experienced psychiatrist (J. Chen) and lasted
for at least one hour per patient (67.8 ± 8.3min) for individualized
treatment and rehabilitation suggestions. At the end of the consult-
ation, all of the participant were in good moods and did not report
any physical or emotional discomfort caused by the experimental
manipulation.

Experimental design and materials

The study was a 2 (TMS group: active v. sham) × 2 (regulation
type: view v. distraction) mixed design. The within-subject factor
was regulation type and the between-subject factor was TMS
group.

During the task, we used 80 identity photos of adults (40 men
and 40 women) who exhibited neutral facial expressions and
appeared at the same ages as the patients (M ± S.E. = 28.9 ± 1.3,
range = 18∼56 years old). All photos were standardized in back-
ground color (white), resolution, and brightness. According to
the ratings of these photos by another group of healthy adults
(Xie, Hu, Mo, & Zhang, 2021), we assigned these photos into
view and distraction conditions while their attractiveness and
favorability were counterbalanced between conditions (Fs < 1).

Experimental procedure

The experiment included a preparation phase, two TMS sessions,
and two task blocks. Each task block was preceded by a TMS ses-
sion (Fig. 1a).

The experiment was prepared three to five days prior to the
experimental task. Participants were informed that a cost-free
group therapy program for emotional release would be conducted
in the upcoming week. The therapy has been proved to be effect-
ive in relieving unpleasant emotions and stress. It required five to
eight participants to compose a group and share their physical
and mental states during the therapy. Accordingly, participants
were required to provide one identity photo of themselves and
were told that their photos would be evaluated by several unfamil-
iar depressed patients, who would decide whether to accept them
as group members during the therapy based on their first impres-
sion of participants’ photos.

During the view block, participants were instructed to attend
to the results of the first impression evaluation (i.e. social feed-
back) provided by other MDD patients (Fig. 1b). They should
pay attention to both the feedback and the feedback sender and
react naturally during emotional rating in each trial. During the
distraction block, participants were instructed to attend to non-
negative information on the screen so as to down-regulate their
unpleasant feelings. For example, they were suggested to attend
to the configuration characteristics or one part (e.g. eyes,
mouth, etc.) of the feedback sender’s face. Before the formal
task, all the participants were trained to properly and accurately
use the distraction strategy, that is to say, they were asked to ver-
bally report their thoughts during the emotion regulation in prac-
tice trials to ensure that they understood the distraction method.
To avoid any carry-over effects caused by the distraction instruc-
tion, the two blocks had a fixed order, i.e., the view block always
ran first, followed by the distraction block (see also He et al., 2018;
Krompinger, Moser, & Simons, 2008; Troy, Shallcross, & Mauss,
2013; Zhao et al., 2021).

In each block, the 40 photos of peers together with their feed-
back were presented in a random order. Among the 40 stimuli, 10
patients gave ‘accept’ feedback (indicating their willingness to be
assigned to the same therapy group with the participant) while
the other 30 patients gave ‘reject’ feedback (indicating their
unwillingness to compose a group with the participant). The 30
negative feedback was used to induce social pain and thus com-
posed the 30 valid trials in each block. As shown in Fig. 1b,
each trial began with a fixation, followed by the presentation of
a photo-feedback combination for 3000 ms, during which partici-
pants were required to either view passively (in the view block) or
to regulate their emotion (in the distraction block). Then partici-
pants were asked to report how they felt on a continuous scale of 0
to 1 (‘0’ for very unpleasant and ‘1’ for very pleasant) by clicking
the left button on the mouse within 5000 ms. At the end of each
trial, a blank screen appeared for 1000 ms.
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Repetitive transcranial magnetic stimulation (rTMS)

This study used offline, instead of online, TMS to reduce possible
confounding factors that may impact participants’ task perfor-
mances (e.g. uncomfortable scalp sensations) or EEG recordings
(TMS-induced electric artifacts). The TMS target was the left
DLPFC. A figure-eight-shaped coil was connected to the magnetic
stimulator (M-100 Ultimate; Yingchi, Shenzhen, China). The
location of the coil was determined with reference to the
International 10/20 electroencephalogram system, i.e., the F3
site (Beam, Borckardt, Reeves, & George, 2009; Herwig, Satrapi,
& Schönfeldt-Lecuona, 2003; Xie, Chen, Lin, Hu, & Zhang,
2020). Each participant’s resting motor threshold (rMT) was mea-
sured from their motor cortex (the C3 site), with the intensity

being defined as 50% of the pulses that reliably produced finger
twitches. Among the 40 participants in the active TMS group,
we could find the hot-spot (the finger motor cortex) in 35 of
them (87.5%) within 5 min. For these participants, stimulus mag-
netic pulses were delivered at 90% intensity of the rMT. For the
other 5 participants in the active TMS group and the 40 ones
in the sham group, stimulus magnetic pulses were delivered at
90% intensity of the maximal intensity that can be tolerated.
For individuals in the active TMS group, the coil was placed tan-
gentially on the scalp so that most of the magnetic field lines
could go through the scalp and reach the left DLPFC. For parti-
cipants in the sham group, the coil was placed at a 45° angle to
the scalp so very limited magnetic field lines could reach the
brain (see Kimbrell et al., 1999; Xie et al., 2020). The rTMS was

Table 1. Demographical characteristics of the two TMS groups (M ± S.E.)

Items Active group (n = 40) Sham group (n = 40) Statisticsa

Gender (male/female) 11/29 8/32 χ2 = 0.621 p = 0.431

Handedness (right/left) 39/1 39/1 χ2 = 0.000 p = 1.000

Age (year) 28.9 ± 1.3 31.1 ± 1.6 t =−1.031 p = 0.306

Age at illness onset (years) 27.1 ± 1.4 28.4 ± 1.6 t =−0.614 p = 0.541

Duration of illness (month) 25.2 ± 5.4 31.7 ± 7.2 t =−0.720 p = 0.474

Number of episodes 0.3 ± 0.1 0.6 ± 0.9 t =−1.293 p = 0.200

Medications (A/B/C/D)b 30/1/1/8 23/2/4/11 χ2 = 3.532 p = 0.317

BDI-II 26.6 ± 1.1 26.6 ± 1.4 t = 0.000 p = 1.000

STAI-T 60.3 ± 1.3 61.0 ± 1.4 t =−0.319 p = 0.750

RSQ 12.7 ± 0.6 11.6 ± 0.5 t = 1.479 p = 0.143

LSAS 64.6 ± 5.5 65.2 ± 4.5 t =−0.095 p = 0.925

TCQ-D 12.2 ± 0.4 12.5 ± 0.4 t =−0.527 p = 0.599

BDI-II, the Beck Depression Inventory Second Edition; STAI-T, the Trait form of Spielberger’s State-Trait Anxiety Inventory; RSQ, the Rejection Sensitivity Questionnaire; LSAS, the Liebowitz
Social Anxiety Scale; TCQ-D, the distraction subscale of the Thought Control Questionnaire.
aχ2 test was performed on categorical variables. Independent samples t test (two-tailed) was performed on continuous variables.
bNumber of MDD patients. A, no medication; B, antidepressants; C, antipsychotics; D, both antidepressants & antipsychotics.

Fig. 1. Experimental procedures. a, The procedure of
the whole experiment. EEG data were recorded during
the view block and the distraction block. b,
Illustration of one trial. Here the person (i.e. an unfamil-
iar depressed patient) shown in the photo gave social
feedback of ‘reject’ to the participant. Due to copyright,
the person in the photo is replaced by one of the
authors of this study (D.Z.). The event-related potential
(ERP) was time-locked to the onset of social feedback.
c, Illustration of TMS electric fields of the two TMS
groups (active and sham). The coil was placed tangen-
tially on the scalp in the active group and was placed
at a 45° angle to the scalp in the sham group. The
color represents the electric field strength, scaled from
0 (blue) to the individual maximums (red). DLPFC
means the dorsolateral prefrontal cortex.
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applied at 10 Hz with a duration of 12 min per session, which was
proved to increase excitability in the targeted area (Dayan, Censor,
Buch, Sandrini, & Cohen, 2013). There were two sessions of
rTMS, each prior to the view or distraction block. Each 12 min
session contained 24 trains, with each train lasting for 4 s (a
total of 960 pulses) and being separated by inter-train intervals
of 26 s. The simulated electric field induced by TMS is illustrated
in Fig. 1c (SimNIBS, www.simnibs.org, Thielscher, Antunes, and
Saturnino, 2015).

All the participants were told before the experiment that the
rTMS device is safe and has little chance to produce side effect
according to previous statistical results based on a huge number
of samples. Also, they were informed about the rationale, stimu-
lation procedure, and possible feelings of TMS before the experi-
ment. None of them terminated the experiment because of
uncomfortable sensations induced by TMS.

EEG recordings and analysis

EEG data were recorded during the view block and the distraction
block using a 32-channel amplifier (Brain Products, Gilching,
Germany), with a sampling frequency of 250 Hz. Electrode impe-
dances were kept below 10 kΩ. The reference electrode was placed
at the TP9.

The ERP recording and analysis were designed especially for
the LPP (He et al., 2020b; Li et al., 2022; Zhao et al., 2021).
The electrodes and time window for the measurement of LPP
amplitudes were decided prior to analysis. Data were first
re-referenced to the average of the bilateral mastoids, followed
by filtering using a 0.1∼10 Hz band-pass filter with a slope of
24 dB/oct. The filtered data were segmented beginning 200 ms
prior to the onset of the feedback and lasting for 3 s. The baseline-

correction was based on the 200 ms pre-stimulus time window.
We measured the LPP as the average amplitude across the elec-
trode sites at and around Pz (P3, P4, Pz, CP1, CP2). The time
window for the LPP amplitude began at the end of the typical
P3 time window (500 ms) and lasted for the entire emotion regu-
lation period (500∼3000 ms post feedback onset; see also Hajcak
& Nieuwenhuis, 2006; Paul, Simon, Endrass, & Kathmann, 2016;
Zhao et al., 2021).

The EEG data of two participants were corrupted due to tech-
nical problems. As a result, 78 datasets (39 in the active group and
39 in the sham group) were involved in the following analyses.

Results

Subjective emotional rating

Statistical analysis was performed using SPSS Statistics 20.0 (IBM,
Somers, USA). First, paired samples t test was performed between
the emotional ratings following positive and negative feedback. It
revealed that participants felt much more negative after receiving
‘reject’ (0.481 ± 0.008, M ± S.E.) than ‘accept’ (0.566 ± 0.008) feed-
back (t =−8.1, p < 0.001), indicating a successful manipulation of
social pain induction.

Then a two-factor mixed-design ANOVA was performed on
subjective ratings, with regulation type (view or distraction) as the
within-subject factor and TMS group (active or sham) as the
between-subject factor. Greenhouse–Geisser correction was used
for testing model assumptions. The main effect of the regulation
type was found to be significant (F(1,76) = 52.3, p < 0.001, h2

p =
0.407): participants reported more positive feelings in the distraction
block (0.503 ± 0.008) than the passive view block (0.459 ± 0.009).
The main effect of TMS group was not significant (F(1,76) = 0.8,

Fig. 2. Illustration of main results. a, Subjective emo-
tional rating. Participants reported their emotional
feelings on a continuous scale (0 for very unpleasant,
1 for very pleasant). The interaction between TMS
group and regulation type was significant. b, Mean
amplitudes of the LPP component. The interaction
between TMS group and regulation type was significant.
Here we use boxplots to show the data. On each box,
the central line indicates the median, and the bottom
and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers indicate 1.5
times the interquartile range from the ends of the
box. c. ERP waveforms containing the LPP. The ERP
data were averaged across electrodes of Pz, P3, P4,
CP1, and CP2.
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p = 0.374, h2
p = 0.010; active = 0.489 ± 0.012, sham = 0.474 ± 0.012).

The two-way interaction between TMS group × regulation type was
significant (F(1,76) = 8.6, p = 0.004, h2

p = 0.102; Figure 2a). Simple
effect analysis showed that while the two groups did not differ in
emotional rating during the view block (F(1,76) = 0.0, p = 0.859,

h2
p = 0.000; active = 0.458 ± 0.013, sham = 0.461 ± 0.013), the

emotional rating tended to be more positive in the active TMS
group (0.520 ± 0.012) compared to that in the sham group (0.487 ±
0.012) during the distraction block (F(1,76) = 3.8, p = 0.054, h2

p =
0.048; marginal significance). Another direction of simple effect

Table 2. Statistical results of the two-way interaction between TMS group and regulation type

Dependent variables

Interaction Pairwise comparison

F p h2
p Condition M ± S.E. F p h2

p

Emotional rating 8.6 0.004 0.102 View: sham group
View: active group

0.461 ± 0.013
0.458 ± 0.013

0.0 0.859 0.000

Distraction: sham group
Distraction: active group

0.487 ± 0.012
0.520 ± 0.012

3.8 0.054 0.048

Sham group: view
Sham group: distraction

0.461 ± 0.013
0.487 ± 0.012

9.2 0.003 0.108

Active group: view
Active group: distraction

0.458 ± 0.013
0.520 ± 0.012

51.7 < 0.001 0.405

LPP amplitude 4.3 0.042 0.053 View: sham group
View: active group

3.46 ± 0.42 μV
3.15 ± 0.42 μV

0.3 0.609 0.003

Distraction: sham group
Distraction: active group

1.80 ± 0.43 μV
0.35 ± 0.43 μV

5.6 0.021 0.068

Sham group: view
Sham group: distraction

3.46 ± 0.42 μV
1.80 ± 0.43 μV

18.4 < 0.001 0.195

Active group: view
Active group: distraction

3.15 ± 0.42 μV
0.35 ± 0.43 μV

52.0 < 0.001 0.406

Fig. 3. Correlation findings. a, The correlation between sub-
jective emotional rating and symptoms of depression (mea-
sured by the BDI-II). b, The correlation between subjective
emotional rating and LPP amplitude. Solid lines show sig-
nificant fitting lines while dashed lines show the fitting
lines that were not significant. The black and red circles
denote individual data in the view and distraction blocks,
respectively. †p < 0.10, *p < 0.05, and **p < 0.01.
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analysis indicated that although the patients in both the groups
reported more positive feelings in the distraction block than the
view block, this emotion regulation effect was more distinct in the
active (F(1,76) = 51.7, p < 0.001, h2

p = 0.405) compared to the sham
group (F(1,76) = 9.2, p = 0.003, h2

p = 0.108). Detailed statistics of
simple effect analysis are listed in Table 2.

Two-tailed Pearson’s correlation analysis showed that while
the subjective emotional rating was negatively correlated with
the symptoms of depression (measured by the BDI-II) in the
sham TMS group (view: r =−0.340, p = 0.034; distraction: r =
−0.429, p = 0.006; Figure 3a), this correlation was not significant
in the active TMS group (view: r = −0.016, p = 0.923; distraction:
r = −0.115, p = 0.485).

LPP amplitude

In line with the analysis of subjective rating, a two-factor mixed
design ANOVA (Greenhouse–Geisser corrected) was also
performed on LPP amplitudes (Fig. 2c). The main effect of regulation
type was found to be significant (F(1,76) = 66.1, p < 0.001, h2

p = 0.465;
view = 3.30 ± 0.30 μV, distraction = 1.07 ± 0.31 μV). The main effect
of TMS group was not significant (F(1,76) = 2.6, p = 0.109, h2

p =
0.033; active = 1.75 ± 0.38 μV, sham = 2.63 ± 0.38 μV). The two-
way interaction between TMS group × regulation type was signifi-
cant (F(1,76) = 4.3, p = 0.042, h2

p = 0.053; Fig. 2b). Simple effect
analysis showed that while the two groups did not differ in LPP
amplitudes during the view block (F(1,76) = 0.3, p = 0.609, h2

p =
0.003; active = 3.15 ± 0.42 μV, sham = 3.46 ± 0.42 μV), the LPP
was smaller in the active TMS group (0.35 ± 0.43 μV) compared
to that in the sham group (1.80 ± 0.43 μV) during the distraction
block (F(1,76) = 5.6, p = 0.021, h2

p = 0.068). Another direction of
simple effect analysis indicated that although the patients in
both the TMS groups exhibited lower LPP amplitudes in the
distraction block than in the view block, this emotion regulation
effect was more distinct in the active (F(1,76) = 52.0, p < 0.001,
h2
p = 0.406) compared to the sham group (F(1,76) = 18.4, p <

0.001, h2
p = 0.195). Detailed statistics of simple effect analysis

are listed in Table 2.
Finally, Pearson’s correlation analysis was conducted between

LPP amplitudes and subjective emotional rating. In general, the
two indices were negatively correlated (or had a trend of negative cor-
relation) in both the sham TMS group (view: r =−0.376, p = 0.018;
distraction: r =−0.365, p = 0.022) and the active TMS group (view:
r =−0.387, p = 0.015; distraction: r =−0.284, p = 0.080; Fig. 3b).

Discussion

Using TMS combined with the standardized explicit distraction
introduction, this study investigated the causal role of the left
DLPFC on voluntary distraction in patients with MDD. We
found that voluntary distraction is an applicable strategy for
depressed patients which helps successfully down-regulate
their negative emotions, and that excitatory TMS over the left
DLPFC facilitated voluntary distraction, indicating a potential
translational value of improving everyday mood in MDD
patients.

In line with our hypothesis, the result shows that patients diag-
nosed with current MDD are capable of employing the distraction
strategy to diminish social pain evoked by negative social feed-
back, as evidenced by both the self-reported and electrophysio-
logical indices. The findings align well with previous studies
showing that diverting attention away from emotional salient

aspects leads to attenuated unpleasant experiences in MDD
patients (Kanske et al., 2012; Kovacs et al., 2015; Smoski, LaBar,
& Steffens, 2014). One critical difference between the previous
and present studies was that the former investigated implicit dis-
traction effects (e.g. Kanske et al., 2012) while we explored explicit
distraction. Thus, this study directly demonstrated the benefits of
voluntary distraction in MDD patients. Moreover, considering
that interpersonal and social problems compose the main causes
of MDD (Disner et al., 2011; Rappaport & Barch, 2020), this
study induced social pain instead of non-social negative emotion
so to provide a more similar affective experience of patients in
their daily life. While impaired emotion processing has been
often found in depressed patients when they experienced social
pain, e.g., lowered pain thresholds (Ehnvall et al., 2014; Jobst
et al., 2015), intensified unpleasant feelings (Bauriedl-Schmidt
et al., 2017; Seidl et al., 2020), and difficulties in affective recover-
ing (Hsu et al., 2015), the current finding demonstrates that MDD
patients retain the capability of voluntarily diverting attention
away from negative aspects of events during emotion regulation.

The most important finding is the neural modulation effect, that
is, the TMS-activated left DLPFC produced a larger benefit of vol-
untary distraction compared to the sham TMS group. The result
confirms our previous finding that the DLPFC is essential and
plays a causal role on voluntary distraction (Zhao et al., 2021).
The DLPFC has been a well-known attentional control brain region
as revealed by numerous neuroimaging studies. For instance, this
region is involved in emotional distraction (Iordan, Dolcos, &
Dolcos, 2019), directed attention (Ferri et al., 2013), and selective
attention (Browning, Holmes, Murphy, Goodwin, & Harmer,
2010). Causal evidence also suggested that anodal tDCS on the
left DLPFC could improve cognitive inhibition of emotional dis-
tracters in MDD patients (Wolkenstein & Plewnia, 2013); also,
cathodal tDCS on the left DLPFC led to depression-like attention
bias in healthy individuals (Wolkenstein, Zeiller, Kanske, &
Plewnia, 2014). A recent study further found that excitatory TMS
over the left DLPFC intensified the negative connectivity between
the DLPFC and amygdala in MDD patients (Eshel et al., 2020).
Accordingly, the TMS benefit observed in this study might be
due to the intensified DLPFC-amygdala connectivity that helps
patients engage in top-down control of neural responses in subcor-
tical emotion generative networks. Of note, the observed neural
modulation benefit of TMS was evidenced by both the self-reported
emotional rating and electrophysiological index of LPP amplitude.
Also, the two indices of emotion regulation effect were well corre-
lated in all the conditions across the two groups (see also Hajcak &
Nieuwenhuis, 2006; Li et al., 2022; Yuan et al., 2015; Zhao et al.,
2021), which provide convergent evidence for the role of DLPFC
in voluntary distraction.

Our findings have valuable implications for clinical treating
emotional dysregulation in patients. While the left DLPFC is
already a well-established cortical target of TMS intervention for
relieving depressive symptoms (George et al., 2010; Lefaucheur
et al., 2020), this study provides a clear empirical rationale for
improving emotion regulation capabilities by activating the left
DLPFC of patients. In this study, it is found that the self-reported
emotional rating was negatively associated with the severity of
depressive symptoms (see also Erk et al., 2010; Troy, Wilhelm,
Shallcross, & Mauss, 2010), indicating that depressive symptoms
indeed impair the capability of emotion regulation. However, this
correlation was largely diminished when the left DLPFC was acti-
vated by TMS during the voluntary distraction, suggesting the
potential beneficial changes of emotion regulation in patients
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treated with TMS. Considering that attention modification training
has been proved valuable for depressed patients (Browning et al.,
2012; Dai, Hu, & Feng, 2019; Yang, Zhang, Ding, & Xiao, 2016),
we suggest future studies to explore the protocol that combines
attention modulation training (i.e. distract attention from negative
stimuli) and TMS therapy (target on the left DLPFC) to reach an
optimal therapeutic effect.

Some limitations should be noticed when interpreting the cur-
rent findings. First, we used a fixed order of the conditions (first
baseline and then distraction) to avoid a potential influence of
explicit instruction on the baseline condition. Although this
design has been proved to produce insignificant confounding
effects (e.g. habituation or fatigue) in relevant studies (Yuan
et al., 2022), we suggest future studies to use random or counter-
balanced order (e.g. Nguyen, Zhou, Potter, Zou, & Zhang, 2019;
Thiruchselvam et al., 2011) to verify the current finding. Second,
we only examined the immediate effect of TMS-facillitated distrac-
tion process. Future effort should be made to translate the short-
term effect to long-term emotional benefits in patients by using,
for example, multi-session TMS protocals. Meanwhile, cognitive
reappraisal is another efficient strategy to regulation emotion
(Ochsner, Silvers, & Buhle, 2012). Examining and comparing the
effects of distraction and reappraisal in a single study (see Dörfel
et al., 2014; Zhao et al., 2021 for studies in healthy populations)
might provide comprehensive knowledge on voluntary emotion
regulation in MDD patients. Third, considering that the DLPFC
engages in not only voluntary distraction but also reappraisal and
other cognitive control processes (Morawetz et al., 2017), we
could not exclude the possibility that the current finding in the dis-
traction condition was influenced by cognitive processes in add-
ition to distraction. Post-hoc interviews (e.g. Kim and Hamann,
2007) and eye-tracking devices (e.g. Ferri et al., 2013) are suggested
in future studies to confirm the attention deployment procedure
during the task.

In conclusion, both the behavioral and electrophysiological
indices demonstrate that (1) distraction is a valuable method for
emotion regulation in MDD patients, (2) the left DLPFC is an
essential cortical region involved in voluntary distraction in
patients, and (3) patients could be beneficial in emotion regula-
tion by activating their left DLPFC using neural modulation
devices such as TMS.

Acknowledgements. This study was funded by the National Natural Science
Foundation of China (32271102; 31970980; 31920103009), the Shenzhen-
Hong Kong Institute of Brain Science (2023SHIBS0003), and the Major
Project of National Social Science Foundation (20&ZD153).

Author contributions. D. Zhang and S. Li designed the research; J. Chen
and F. Xu performed the experiment; D. Zhang analyzed the data;
D. Zhang, S. Li, and K. Gao wrote the paper.

Conflict of interest. The authors declare that there are no conflicts of inter-
est in relation to the subject of this study.

Data and code availability. The data and code of this study would be avail-
able upon reasonable request and with approval of the School of Psychology,
Shenzhen University. More information on making this request can be
obtained from the corresponding author, D. Zhang (zhangdd05@gmail.com).

References

American Psychiatric Association. (1994). Diagnostic and statistical manual of
mental disorders – (DSM-IV) (4th ed.). Washington, DC: American
Psychiatric Association.

Bauriedl-Schmidt, C., Jobst, A., Gander, M., Seidl, E., Sabaß, L., Sarubin, N.,…
Buchheim, A. (2017). Attachment representations, patterns of emotion
regulation, and social exclusion in patients with chronic and episodic
depression and healthy controls. Journal of Affective Disorders, 210, 130–
138. https://doi.org/10.1016/j.jad.2016.12.030.

Beam, W., Borckardt, J. J., Reeves, S. T., & George, M. S. (2009). An efficient
and accurate new method for locating the F3 position for prefrontal TMS
applications. Brain Stimulation, 2(1), 50–54. https://doi.org/10.1016/j.brs.
2008.09.006.

Beck, A. T., & Bredemeier, K. (2016). A unified model of depression:
Integrating clinical, cognitive, biological, and evolutionary perspectives.
Clinical Psychological Science, 4(4), 596–619. https://doi.org/10.1177/
2167702616628523.

Beck, A. T, Steer, R. A., & Brown, G. K. (1996). Beck depression inventory (2nd
ed.). San Antonio, TX: The Psychological Corporation.

Beevers, C. G., Clasen, P. C., Enock, P. M., & Schnyer, D. M. (2015). Attention
bias modification for major depressive disorder: Effects on attention bias,
resting state connectivity, and symptom change. Journal of Abnormal
Psychology, 124(3), 463–475. https://doi.org/10.1037/abn0000049.

Braunstein, L. M., Gross, J. J., & Ochsner, K. N. (2017). Explicit and implicit
emotion regulation: A multi-level framework. Social Cognitive and Affective
Neuroscience, 12(10), 1545–1557. https://doi.org/10.1093/scan/nsx096.

Browning, M., Holmes, E. A., Charles, M., Cowen, P. J., & Harmer, C. J. (2012).
Using attentional bias modification as a cognitive vaccine against depres-
sion. Biological Psychiatry, 72(7), 572–579. https://doi.org/10.1016/j.biop-
sych.2012.04.014.

Browning, M., Holmes, E. A., Murphy, S. E., Goodwin, G. M., & Harmer, C. J.
(2010). Lateral prefrontal cortex mediates the cognitive modification of
attentional bias. Biological Psychiatry, 67(10), 919–925. https://doi.org/10.
1016/j.biopsych.2009.10.031.

Chen, J., Zhou, C., Wu, B., Wang, Y., Li, Q., Wei, Y., … Xie, P. (2013). Left
versus right repetitive transcranial magnetic stimulation in treating major
depression: A meta-analysis of randomised controlled trials. Psychiatry
Research, 210(3), 1260–1264. https://doi.org/10.1016/j.psychres.2013.09.007.

Dai, Q., Hu, L., & Feng, Z. (2019). Attentional bias modification reduces clin-
ical depression and enhances attention toward happiness. Journal of
Psychiatric Research, 109, 145–155. https://doi.org/10.1016/j.jpsychires.
2018.11.024.

Dayan, E., Censor, N., Buch, E. R., Sandrini, M., & Cohen, L. G. (2013).
Noninvasive brain stimulation: From physiology to network dynamics
and back. Nature Neuroscience, 16(7), 838–844. https://doi.org/10.1038/
nn.3422.

Disner, S. G., Beevers, C. G., Haigh, E. A. P., & Beck, A. T. (2011). Neural
mechanisms of the cognitive model of depression. Nature Reviews.
Neuroscience, 12(8), 467–477. https://doi.org/10.1038/nrn3027.

Donofry, S. D., Roecklein, K. A., Wildes, J. E., Miller, M. A., & Erickson, K. I.
(2016). Alterations in emotion generation and regulation neurocircuitry in
depression and eating disorders: A comparative review of structural and
functional neuroimaging studies. Neuroscience and Biobehavioral Reviews,
68, 911–927. https://doi.org/10.1016/j.neubiorev.2016.07.011.

Dörfel, D., Lamke, J.-P., Hummel, F., Wagner, U., Erk, S., & Walter, H. (2014).
Common and differential neural networks of emotion regulation by detach-
ment, reinterpretation, distraction, and expressive suppression: A compara-
tive fMRI investigation. NeuroImage, 101, 298–309. https://doi.org/10.1016/
j.neuroimage.2014.06.051.

Downey, G., & Feldman, S. I. (1996). Implications of rejection sensitivity for
intimate relationships. Journal of Personality and Social Psychology, 70(6),
1327–1343. https://doi.org/10.1037/0022-3514.70.6.1327.

Ehnvall, A., Mitchell, P. B., Hadzi-Pavlovic, D., Parker, G., Frankland, A., Loo,
C.,… Perich, T. (2014). Rejection sensitivity and pain in bipolar versus uni-
polar depression. Bipolar Disorders, 16(2), 190–198. https://doi.org/10.1111/
bdi.12147.

Erk, S., Mikschl, A., Stier, S., Ciaramidaro, A., Gapp, V., Weber, B., & Walter,
H. (2010). Acute and sustained effects of cognitive emotion regulation in
major depression. Journal of Neuroscience, 30(47), 15726–15734. https://
doi.org/10.1523/JNEUROSCI.1856-10.2010.

Eshel, N., Keller, C. J., Wu, W., Jiang, J., Mills-Finnerty, C., Huemer, J., …
Etkin, A. (2020). Global connectivity and local excitability changes underlie

Psychological Medicine 6653

https://doi.org/10.1017/S0033291723000028 Published online by Cambridge University Press

mailto:zhangdd05@gmail.com
https://doi.org/10.1016/j.jad.2016.12.030
https://doi.org/10.1016/j.jad.2016.12.030
https://doi.org/10.1016/j.brs.2008.09.006
https://doi.org/10.1016/j.brs.2008.09.006
https://doi.org/10.1016/j.brs.2008.09.006
https://doi.org/10.1177/2167702616628523
https://doi.org/10.1177/2167702616628523
https://doi.org/10.1177/2167702616628523
https://doi.org/10.1037/abn0000049
https://doi.org/10.1037/abn0000049
https://doi.org/10.1093/scan/nsx096
https://doi.org/10.1093/scan/nsx096
https://doi.org/10.1016/j.biopsych.2012.04.014
https://doi.org/10.1016/j.biopsych.2012.04.014
https://doi.org/10.1016/j.biopsych.2012.04.014
https://doi.org/10.1016/j.biopsych.2009.10.031
https://doi.org/10.1016/j.biopsych.2009.10.031
https://doi.org/10.1016/j.biopsych.2009.10.031
https://doi.org/10.1016/j.psychres.2013.09.007
https://doi.org/10.1016/j.psychres.2013.09.007
https://doi.org/10.1016/j.jpsychires.2018.11.024
https://doi.org/10.1016/j.jpsychires.2018.11.024
https://doi.org/10.1016/j.jpsychires.2018.11.024
https://doi.org/10.1038/nn.3422
https://doi.org/10.1038/nn.3422
https://doi.org/10.1038/nn.3422
https://doi.org/10.1038/nrn3027
https://doi.org/10.1038/nrn3027
https://doi.org/10.1016/j.neubiorev.2016.07.011
https://doi.org/10.1016/j.neubiorev.2016.07.011
https://doi.org/10.1016/j.neuroimage.2014.06.051
https://doi.org/10.1016/j.neuroimage.2014.06.051
https://doi.org/10.1016/j.neuroimage.2014.06.051
https://doi.org/10.1037/0022-3514.70.6.1327
https://doi.org/10.1037/0022-3514.70.6.1327
https://doi.org/10.1111/bdi.12147
https://doi.org/10.1111/bdi.12147
https://doi.org/10.1111/bdi.12147
https://doi.org/10.1523/JNEUROSCI.1856-10.2010
https://doi.org/10.1523/JNEUROSCI.1856-10.2010
https://doi.org/10.1523/JNEUROSCI.1856-10.2010
https://doi.org/10.1017/S0033291723000028


antidepressant effects of repetitive transcranial magnetic stimulation.
Neuropsychopharmacology, 45(6), 1018–1025. https://doi.org/10.1038/
s41386-020-0633-z.

Etkin, A., Büchel, C., & Gross, J. J. (2015). The neural bases of emotion regu-
lation. Nature Reviews. Neuroscience, 16(11), 693–700. https://doi.org/10.
1038/nrn4044.

Fales, C. L., Barch, D. M., Rundle, M. M., Mintun, M. A., Snyder, A. Z., Cohen,
J. D., … Sheline, Y. I. (2008). Altered emotional interference processing in
affective and cognitive-control brain circuitry in major depression. Biological
Psychiatry, 63(4), 377–384. https://doi.org/10.1016/j.biopsych.2007.06.012.

Ferri, J., Schmidt, J., Hajcak, G., & Canli, T. (2013). Neural correlates of atten-
tional deployment within unpleasant pictures. NeuroImage, 70, 268–277.
https://doi.org/10.1016/j.neuroimage.2012.12.030.

Ferri, J., Schmidt, J., Hajcak, G., & Canli, T. (2016). Emotion regulation and
amygdala-precuneus connectivity: Focusing on attentional deployment.
Cognitive, Affective & Behavioral Neuroscience, 16(6), 991–1002. https://
doi.org/10.3758/s13415-016-0447-y.

First, M. B., Spitzer, RL., Gibbon, M., & Williams, J. B. (2002). Structured clin-
ical interview for DSM-IV-TR axis I disorders, research version, patient edi-
tion with psychotic screen (SCID-I/P W/ PSY SCREEN). New York, NY:
Biometrics Research Department.

Frank, D. W., Dewitt, M., Hudgens-Haney, M., Schaeffer, D. J., Ball, B. H.,
Schwarz, N. F., … Sabatinelli, D. (2014). Emotion regulation: Quantitative
meta-analysis of functional activation and deactivation. Neuroscience and
Biobehavioral Reviews, 45, 202–211. https://doi.org/10.1016/j.neubiorev.
2014.06.010.

Friedrich, M. J. (2017). Depression is the leading cause of disability around the
world. JAMA, 317(15), 1517. https://doi.org/10.1001/jama.2017.3826.

GBD 2017 Disease and Injury Incidence and Prevalence Collaborators (2018).
Global, regional, and national incidence, prevalence, and years lived with
disability for 354 diseases and injuries for 195 countries and territories,
1990–2017: A systematic analysis for the global burden of disease study
2017. Lancet (London, England), 392(10159), 1789–1858. https://doi.org/
10.1016/S0140-6736(18)32279-7.

George, M. S., Lisanby, S. H., Avery, D., McDonald, W. M., Durkalski, V.,
Pavlicova, M., … Sackeim, H. A. (2010). Daily left prefrontal transcranial
magnetic stimulation therapy for major depressive disorder: A sham-
controlled randomized trial. Archives of General Psychiatry, 67(5), 507–
516. https://doi.org/10.1001/archgenpsychiatry.2010.46.

Gross, J. J. (2015). Emotion regulation: Current status and future prospects.
Psychological Inquiry, 26(1), 1–26. https://doi.org/10.1080/1047840X.2014.
940781.

Gyurak, A., Gross, J. J., & Etkin, A. (2011). Explicit and implicit emotion regu-
lation: A dual-process framework. Cognition & Emotion, 25(3), 400–412.
https://doi.org/10.1080/02699931.2010.544160.

Hajcak, G., & Nieuwenhuis, S. (2006). Reappraisal modulates the electrocorti-
cal response to unpleasant pictures. Cognitive, Affective & Behavioral
Neuroscience, 6(4), 291–297. https://doi.org/10.3758/cabn.6.4.291.

He, Z., Lin, Y., Xia, L., Liu, Z., Zhang, D., & Elliott, R. (2018). Critical role of
the right VLPFC in emotional regulation of social exclusion: A tDCS study.
Social Cognitive and Affective Neuroscience, 13(4), 357–366. https://doi.org/
10.1093/scan/nsy026.

He, Z., Liu, Z., Zhao, J., Elliott, R., & Zhang, D. (2020a). Improving emotion
regulation of social exclusion in depression-prone individuals: A tDCS
study targeting right VLPFC. Psychological Medicine, 50(16), 2768–2779.
https://doi.org/10.1017/S0033291719002915.

He, Z., Zhao, J., Shen, J., Muhlert, N., Elliott, R., & Zhang, D. (2020b). The
right VLPFC and downregulation of social pain: A TMS study. Human
Brain Mapping, 41(5), 1362–1371. https://doi.org/10.1002/hbm.24881.

Herwig, U., Satrapi, P., & Schönfeldt-Lecuona, C. (2003). Using the inter-
national 10–20 EEG system for positioning of transcranial magnetic stimu-
lation. Brain Topography, 16(2), 95–99. https://doi.org/10.1023/b:brat.
0000006333.93597.9d.

Hilland, E., Landrø, N. I., Harmer, C. J., Browning, M., Maglanoc, L. A., &
Jonassen, R. (2020). Attentional bias modification is associated with fMRI
response toward negative stimuli in individuals with residual depression:
A randomized controlled trial. Journal of Psychiatry & Neuroscience: JPN,
45(1), 23–33. https://doi.org/10.1503/jpn.180118.

Hsu, D. T., Sanford, B. J., Meyers, K. K., Love, T. M., Hazlett, K. E., Walker, S.
J., … Zubieta, J.-K. (2015). It still hurts: Altered opioid activity in the brain
during social rejection and acceptance in major depressive disorder.
Molecular Psychiatry, 20(2), 193–200. https://doi.org/10.1038/mp.2014.185.

Iordan, A. D., Dolcos, S., & Dolcos, F. (2019). Brain activity and network inter-
actions in the impact of internal emotional distraction. Cerebral Cortex, 29
(6), 2607–2623. https://doi.org/10.1093/cercor/bhy129.

Jobst, A., Sabass, L., Palagyi, A., Bauriedl-Schmidt, C., Mauer, M. C., Sarubin, N.,
… Padberg, F. (2015). Effects of social exclusion on emotions and oxytocin
and cortisol levels in patients with chronic depression. Journal of Psychiatric
Research, 60, 170–177. https://doi.org/10.1016/j.jpsychires.2014.11.001.

Joormann, J., Siemer, M., & Gotlib, I. H. (2007). Mood regulation in depres-
sion: Differential effects of distraction and recall of happy memories on
sad mood. Journal of Abnormal Psychology, 116(3), 484–490. https://doi.
org/10.1037/0021-843X.116.3.484.

Joormann, J., & Stanton, C. H. (2016). Examining emotion regulation in
depression: A review and future directions. Behaviour Research and
Therapy, 86, 35–49. https://doi.org/10.1016/j.brat.2016.07.007.

Kanske, P., Heissler, J., Schönfelder, S., Bongers, A., & Wessa, M. (2011). How
to regulate emotion? Neural networks for reappraisal and distraction.
Cerebral Cortex, 21(6), 1379–1388. https://doi.org/10.1093/cercor/bhq216.

Kanske, P., Heissler, J., Schönfelder, S., & Wessa, M. (2012). Neural correlates
of emotion regulation deficits in remitted depression: The influence of regu-
lation strategy, habitual regulation use, and emotional valence. NeuroImage,
61(3), 686–693. https://doi.org/10.1016/j.neuroimage.2012.03.089.

Kennedy, H., & Montreuil, T. C. (2021). The late positive potential as a reliable
neural marker of cognitive reappraisal in children and youth: A brief review
of the research literature. Frontiers in Psychology, 11, 608522. https://doi.org/
10.3389/fpsyg.2020.608522.

Kim, S. H., & Hamann, S. (2007). Neural correlates of positive and negative
emotion regulation. Journal of Cognitive Neuroscience, 19(5), 776–798.
https://doi.org/10.1162/jocn.2007.19.5.776.

Kimbrell, T. A., Little, J. T., Dunn, R. T., Frye, M. A., Greenberg, B. D.,
Wassermann, E. M., … Post, R. M. (1999). Frequency dependence of anti-
depressant response to left prefrontal repetitive transcranial magnetic
stimulation (rTMS) as a function of baseline cerebral glucose metabolism.
Biological Psychiatry, 46(12), 1603–1613. https://doi.org/10.1016/s0006-
3223(99)00195-x.

Kovacs, M., Yaroslavsky, I., Rottenberg, J., George, C. J., Baji, I., Benák, I., …
Kapornai, K. (2015). Mood repair via attention refocusing or recall of posi-
tive autobiographical memories by adolescents with pediatric-onset major
depression. Journal of Child Psychology and Psychiatry, and Allied
Disciplines, 56(10), 1108–1117. https://doi.org/10.1111/jcpp.12376.

Krompinger, J. W., Moser, J. S., & Simons, R. F. (2008). Modulations of the
electrophysiological response to pleasant stimuli by cognitive reappraisal.
Emotion (Washington, D.C.), 8(1), 132–137. https://doi.org/10.1037/1528-
3542.8.1.132.

Lang, P. J., Bradley, M. M., & Cuthbert, B. N. (2005). International affective
picture system (IAPS): Digitized photographs, instruction manual, and affect-
ive ratings (tech. Rep. No. A-6). Gainesville: University of Florida, Center for
Research in Psychophysiology.

Lau, J. Y. F., & Waters, A. M. (2017). Annual research review: An expanded
account of information-processing mechanisms in risk for child and adoles-
cent anxiety and depression. Journal of Child Psychology and Psychiatry,
and Allied Disciplines, 58(4), 387–407. https://doi.org/10.1111/jcpp.12653.

Lefaucheur, J.-P., Aleman, A., Baeken, C., Benninger, D. H., Brunelin, J., Di
Lazzaro, V., … Ziemann, U. (2020). Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation (rTMS):
An update (2014-2018). Clinical Neurophysiology, 131(2), 474–528.
https://doi.org/10.1016/j.clinph.2019.11.002.

Li, C., Lin, C., Chou, K., Chen, I., Hsieh, J., Wu, C.,… Su, T. (2010). Structural
and cognitive deficits in remitting and non-remitting recurrent depression:
A voxel-based morphometric study. NeuroImage, 50(1), 347–356. https://
doi.org/10.1016/j.neuroimage.2009.11.021.

Li, S., Xie, H., Zheng, Z., Chen, W., Xu, F., Hu, X., & Zhang, D. (2022). The
causal role of the bilateral ventrolateral prefrontal cortices on emotion regu-
lation of social feedback. Human Brain Mapping, 43(9), 2898–2910. https://
doi.org/10.1002/hbm.25824.

6654 Sijin Li et al.

https://doi.org/10.1017/S0033291723000028 Published online by Cambridge University Press

https://doi.org/10.1038/s41386-020-0633-z
https://doi.org/10.1038/s41386-020-0633-z
https://doi.org/10.1038/s41386-020-0633-z
https://doi.org/10.1038/nrn4044
https://doi.org/10.1038/nrn4044
https://doi.org/10.1038/nrn4044
https://doi.org/10.1016/j.biopsych.2007.06.012
https://doi.org/10.1016/j.biopsych.2007.06.012
https://doi.org/10.1016/j.neuroimage.2012.12.030
https://doi.org/10.1016/j.neuroimage.2012.12.030
https://doi.org/10.3758/s13415-016-0447-y
https://doi.org/10.3758/s13415-016-0447-y
https://doi.org/10.3758/s13415-016-0447-y
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1001/jama.2017.3826
https://doi.org/10.1001/jama.2017.3826
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1080/1047840X.2014.940781
https://doi.org/10.1080/1047840X.2014.940781
https://doi.org/10.1080/1047840X.2014.940781
https://doi.org/10.1080/02699931.2010.544160
https://doi.org/10.1080/02699931.2010.544160
https://doi.org/10.3758/cabn.6.4.291
https://doi.org/10.3758/cabn.6.4.291
https://doi.org/10.1093/scan/nsy026
https://doi.org/10.1093/scan/nsy026
https://doi.org/10.1093/scan/nsy026
https://doi.org/10.1023/b:brat.0000006333.93597.9d
https://doi.org/10.1023/b:brat.0000006333.93597.9d
https://doi.org/10.1023/b:brat.0000006333.93597.9d
https://doi.org/10.1503/jpn.180118
https://doi.org/10.1503/jpn.180118
https://doi.org/10.1038/mp.2014.185
https://doi.org/10.1038/mp.2014.185
https://doi.org/10.1093/cercor/bhy129
https://doi.org/10.1093/cercor/bhy129
https://doi.org/10.1016/j.jpsychires.2014.11.001
https://doi.org/10.1016/j.jpsychires.2014.11.001
https://doi.org/10.1037/0021-843X.116.3.484
https://doi.org/10.1037/0021-843X.116.3.484
https://doi.org/10.1037/0021-843X.116.3.484
https://doi.org/10.1016/j.brat.2016.07.007
https://doi.org/10.1016/j.brat.2016.07.007
https://doi.org/10.1093/cercor/bhq216
https://doi.org/10.1093/cercor/bhq216
https://doi.org/10.1016/j.neuroimage.2012.03.089
https://doi.org/10.1016/j.neuroimage.2012.03.089
https://doi.org/10.3389/fpsyg.2020.608522
https://doi.org/10.3389/fpsyg.2020.608522
https://doi.org/10.3389/fpsyg.2020.608522
https://doi.org/10.1162/jocn.2007.19.5.776
https://doi.org/10.1162/jocn.2007.19.5.776
https://doi.org/10.1016/s0006-3223(99)00195-x
https://doi.org/10.1016/s0006-3223(99)00195-x
https://doi.org/10.1016/s0006-3223(99)00195-x
https://doi.org/10.1111/jcpp.12376
https://doi.org/10.1111/jcpp.12376
https://doi.org/10.1037/1528-3542.8.1.132
https://doi.org/10.1037/1528-3542.8.1.132
https://doi.org/10.1037/1528-3542.8.1.132
https://doi.org/10.1111/jcpp.12653
https://doi.org/10.1111/jcpp.12653
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.neuroimage.2009.11.021
https://doi.org/10.1016/j.neuroimage.2009.11.021
https://doi.org/10.1016/j.neuroimage.2009.11.021
https://doi.org/10.1002/hbm.25824
https://doi.org/10.1002/hbm.25824
https://doi.org/10.1002/hbm.25824
https://doi.org/10.1017/S0033291723000028


Li, W., Yang, P., Ngetich, R. K., Zhang, J., Jin, Z., & Li, L. (2021). Differential
involvement of frontoparietal network and insula cortex in emotion regula-
tion. Neuropsychologia, 161, 107991. https://doi.org/10.1016/j.neuropsycho-
logia.2021.107991.

Liebowitz, M. R. (1987). Social phobia. Modern Problems of
Pharmacopsychiatry, 22, 141–173.

Mauss, I. B., & Robinson, M. D. (2009). Measures of emotion: A review. Cognition
& Emotion, 23(2), 209–237. https://doi.org/10.1080/02699930802204677.

McRae, K., Hughes, B., Chopra, S., Gabrieli, J. D. E., Gross, J. J., & Ochsner, K. N.
(2010). The neural bases of distraction and reappraisal. Journal of Cognitive
Neuroscience, 22(2), 248–262. https://doi.org/10.1162/jocn.2009.21243.

Morawetz, C., Bode, S., Derntl, B., & Heekeren, H. R. (2017). The effect of
strategies, goals and stimulus material on the neural mechanisms of emo-
tion regulation: A meta-analysis of fMRI studies. Neuroscience and
Biobehavioral Reviews, 72, 111–128. https://doi.org/10.1016/j.neubiorev.
2016.11.014.

Nasso, S., Vanderhasselt, M. A., Schettino, A., & De Raedt, R. (2022). The role
of cognitive reappraisal and expectations in dealing with social feedback.
Emotion (Washington, D.C.), 22(5), 982–991. https://doi.org/10.1037/
emo0000825.

Nguyen, T., Zhou, T., Potter, T., Zou, L., & Zhang, Y. (2019). The cortical net-
work of emotion regulation: Insights from advanced EEG-fMRI integration
analysis. IEEE Transactions on Medical Imaging, 38(10), 2423–2433. https://
doi.org/10.1109/TMI.2019.2900978.

Ochsner, K. N., Silvers, J. A., & Buhle, J. T. (2012). Functional imaging studies
of emotion regulation: A synthetic review and evolving model of the cogni-
tive control of emotion. Annals of the New York Academy of Sciences, 1251
(1), E1–E24. https://doi.org/10.1111/j.1749-6632.2012.06751.x.

Park, C., Rosenblat, J. D., Lee, Y., Pan, Z., Cao, B., Iacobucci, M., & McIntyre,
R. S. (2019). The neural systems of emotion regulation and abnormalities in
major depressive disorder. Behavioural Brain Research, 367, 181–188.
https://doi.org/10.1016/j.bbr.2019.04.002.

Paul, S., Simon, D., Endrass, T., & Kathmann, N. (2016). Altered emotion
regulation in obsessive-compulsive disorder as evidenced by the late positive
potential. Psychological Medicine, 46(1), 137–147. https://doi.org/10.1017/
S0033291715001610.

Rappaport, B. I., & Barch, D. M. (2020). Brain responses to social feedback in
internalizing disorders: A comprehensive review. Neuroscience and
Biobehavioral Reviews, 118, 784–808. https://doi.org/10.1016/j.neubiorev.
2020.09.012.

Rive, M. M., van Rooijen, G., Veltman, D. J., Phillips, M. L., Schene, A. H., &
Ruhé, H. G. (2013). Neural correlates of dysfunctional emotion regulation
in major depressive disorder. A systematic review of neuroimaging studies.
Neuroscience and Biobehavioral Reviews, 37(10), 2529–2553. https://doi.org/
10.1016/j.neubiorev.2013.07.018.

Sacher, J., Neumann, J., Fünfstück, T., Soliman, A., Villringer, A., & Schroeter,
M. L. (2012). Mapping the depressed brain: A meta-analysis of structural and
functional alterations in major depressive disorder. Journal of Affective
Disorders, 140(2), 142–148. https://doi.org/10.1016/j.jad.2011.08.001.

Seidl, E., Padberg, F., Bauriedl-Schmidt, C., Albert, A., Daltrozzo, T., Hall, J.,
… Jobst, A. (2020). Response to ostracism in patients with chronic depres-
sion, episodic depression and borderline personality disorder a study using
Cyberball. Journal of Affective Disorders, 260, 254–262. https://doi.org/10.
1016/j.jad.2019.09.021.

Shafir, R., Schwartz, N., Blechert, J., & Sheppes, G. (2015). Emotional intensity
influences pre-implementation and implementation of distraction and
reappraisal. Social Cognitive and Affective Neuroscience, 10(10), 1329–
1337. https://doi.org/10.1093/scan/nsv022.

Sheppes, G., Scheibe, S., Suri, G., Radu, P., Blechert, J., & Gross, J. J. (2014).
Emotion regulation choice: A conceptual framework and supporting evi-
dence. Journal of Experimental Psychology. General, 143(1), 163–181.
https://doi.org/10.1037/a0030831.

Smoski, M. J., LaBar, K. S., & Steffens, D. C. (2014). Relative effectiveness of
reappraisal and distraction in regulating emotion in late-life depression.
The American Journal of Geriatric Psychiatry, 22(9), 898–907. https://doi.
org/10.1016/j.jagp.2013.01.070.

Somerville, L. H., Heatherton, T. F., & Kelley, W. M. (2006). Anterior cingulate
cortex responds differentially to expectancy violation and social rejection.
Nature Neuroscience, 9(8), 1007–1008. https://doi.org/10.1038/nn1728.

Spielberger, C. D., Gorsuch, R. L., Lushene, R. E., Vagg, P. R., & Jacobs, G. A.
(1983). Manual for the state-trait anxiety inventory (Form Y1 – Y2). Palo
Alto, CA: Consulting Psychologist Press.

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

Thiruchselvam, R., Blechert, J., Sheppes, G., Rydstrom, A., & Gross, J. J. (2011).
The temporal dynamics of emotion regulation: An EEG study of distraction
and reappraisal. Biological Psychology, 87(1), 84–92. https://doi.org/10.1016/
j.biopsycho.2011.02.009.

Troy, A. S., Shallcross, A. J., & Mauss, I. B. (2013). A person-by-situation
approach to emotion regulation: Cognitive reappraisal can either help or
hurt, depending on the context. Psychological Science, 24(12), 2505–2514.
https://doi.org/10.1177/0956797613496434.

Troy, A. S., Wilhelm, F. H., Shallcross, A. J., & Mauss, I. B. (2010). Seeing the
silver lining: Cognitive reappraisal ability moderates the relationship
between stress and depressive symptoms. Emotion (Washington, D.C.), 10
(6), 783–795. https://doi.org/10.1037/a0020262.

Wells, A., & Davies, M. I. (1994). The thought control questionnaire: A meas-
ure of individual differences in the control of unwanted thoughts. Behaviour
Research and Therapy, 32(8), 871–878. https://doi.org/10.1016/0005-7967
(94)90168-6.

Wolkenstein, L., & Plewnia, C. (2013). Amelioration of cognitive control in
depression by transcranial direct current stimulation. Biological
Psychiatry, 73(7), 646–651. https://doi.org/10.1016/j.biopsych.2012.10.010.

Wolkenstein, L., Zeiller, M., Kanske, P., & Plewnia, C. (2014). Induction of a
depression-like negativity bias by cathodal transcranial direct current
stimulation. Cortex, 59, 103–112. https://doi.org/10.1016/j.cortex.2014.07.
011.

Xie, H., Chen, Y., Lin, Y., Hu, X., & Zhang, D. (2020). Can’t forget: Disruption
of the right prefrontal cortex impairs voluntary forgetting in a recognition
test. Memory (Hove, England), 28(1), 60–69. https://doi.org/10.1080/
09658211.2019.1681456.

Xie, H., Hu, X., Mo, L., & Zhang, D. (2021). Forgetting positive social feedback
is difficult: ERP evidence in a directed forgetting paradigm.
Psychophysiology, 58(5), e13790. https://doi.org/10.1111/psyp.13790.

Yang, W., Zhang, J. X., Ding, Z., & Xiao, L. (2016). Attention bias modification
treatment for adolescents with major depression: A randomized controlled
trial. Journal of the American Academy of Child and Adolescent Psychiatry,
55(3), 208–218, e2. https://doi.org/10.1016/j.jaac.2015.12.005.

Yuan, J., Long, Q., Ding, N., Lou, Y., Liu, Y., & Yang, J. (2015). Suppression
dampens unpleasant emotion faster than reappraisal: Neural dynamics in
a Chinese sample. Science China. Life Sciences, 58(5), 480–491. https://doi.
org/10.1007/s11427-014-4739-6.

Yuan, J., Zhang, Y., Zhao, Y., Gao, K., Tan, S., & Zhang, D. (2022). The
emotion-regulation benefits of implicit reappraisal in clinical depression:
Behavioral and electrophysiological evidence. Neuroscience Bulletin.
https://doi.org/10.1007/s12264-022-00973-z.

Zhao, J., Mo, L., Bi, R., He, Z., Chen, Y., Xu, F., … Zhang, D. (2021). The
VLPFC versus the DLPFC in downregulating social pain using reappraisal
and distraction strategies. The Journal of Neuroscience, 41(6), 1331–1339.
https://doi.org/10.1523/JNEUROSCI.1906-20.2020.

Psychological Medicine 6655

https://doi.org/10.1017/S0033291723000028 Published online by Cambridge University Press

https://doi.org/10.1016/j.neuropsychologia.2021.107991
https://doi.org/10.1016/j.neuropsychologia.2021.107991
https://doi.org/10.1016/j.neuropsychologia.2021.107991
https://doi.org/10.1080/02699930802204677
https://doi.org/10.1080/02699930802204677
https://doi.org/10.1162/jocn.2009.21243
https://doi.org/10.1162/jocn.2009.21243
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1037/emo0000825
https://doi.org/10.1037/emo0000825
https://doi.org/10.1037/emo0000825
https://doi.org/10.1109/TMI.2019.2900978
https://doi.org/10.1109/TMI.2019.2900978
https://doi.org/10.1109/TMI.2019.2900978
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/10.1016/j.bbr.2019.04.002
https://doi.org/10.1016/j.bbr.2019.04.002
https://doi.org/10.1017/S0033291715001610
https://doi.org/10.1017/S0033291715001610
https://doi.org/10.1017/S0033291715001610
https://doi.org/10.1016/j.neubiorev.2020.09.012
https://doi.org/10.1016/j.neubiorev.2020.09.012
https://doi.org/10.1016/j.neubiorev.2020.09.012
https://doi.org/10.1016/j.neubiorev.2013.07.018
https://doi.org/10.1016/j.neubiorev.2013.07.018
https://doi.org/10.1016/j.neubiorev.2013.07.018
https://doi.org/10.1016/j.jad.2011.08.001
https://doi.org/10.1016/j.jad.2011.08.001
https://doi.org/10.1016/j.jad.2019.09.021
https://doi.org/10.1016/j.jad.2019.09.021
https://doi.org/10.1016/j.jad.2019.09.021
https://doi.org/10.1093/scan/nsv022
https://doi.org/10.1093/scan/nsv022
https://doi.org/10.1037/a0030831
https://doi.org/10.1037/a0030831
https://doi.org/10.1016/j.jagp.2013.01.070
https://doi.org/10.1016/j.jagp.2013.01.070
https://doi.org/10.1016/j.jagp.2013.01.070
https://doi.org/10.1038/nn1728
https://doi.org/10.1038/nn1728
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1016/j.biopsycho.2011.02.009
https://doi.org/10.1016/j.biopsycho.2011.02.009
https://doi.org/10.1016/j.biopsycho.2011.02.009
https://doi.org/10.1177/0956797613496434
https://doi.org/10.1177/0956797613496434
https://doi.org/10.1037/a0020262
https://doi.org/10.1037/a0020262
https://doi.org/10.1016/0005-7967(94)90168-6
https://doi.org/10.1016/0005-7967(94)90168-6
https://doi.org/10.1016/0005-7967(94)90168-6
https://doi.org/10.1016/j.biopsych.2012.10.010
https://doi.org/10.1016/j.biopsych.2012.10.010
https://doi.org/10.1016/j.cortex.2014.07.011
https://doi.org/10.1016/j.cortex.2014.07.011
https://doi.org/10.1016/j.cortex.2014.07.011
https://doi.org/10.1080/09658211.2019.1681456
https://doi.org/10.1080/09658211.2019.1681456
https://doi.org/10.1080/09658211.2019.1681456
https://doi.org/10.1111/psyp.13790
https://doi.org/10.1111/psyp.13790
https://doi.org/10.1016/j.jaac.2015.12.005
https://doi.org/10.1016/j.jaac.2015.12.005
https://doi.org/10.1007/s11427-014-4739-6
https://doi.org/10.1007/s11427-014-4739-6
https://doi.org/10.1007/s11427-014-4739-6
https://doi.org/10.1007/s12264-022-00973-z
https://doi.org/10.1523/JNEUROSCI.1906-20.2020
https://doi.org/10.1523/JNEUROSCI.1906-20.2020
https://doi.org/10.1017/S0033291723000028

	Excitatory brain stimulation over the left dorsolateral prefrontal cortex enhances voluntary distraction in depressed patients
	Introduction
	Methods
	Participants
	Experimental design and materials
	Experimental procedure
	Repetitive transcranial magnetic stimulation (rTMS)
	EEG recordings and analysis

	Results
	Subjective emotional rating
	LPP amplitude

	Discussion
	Acknowledgements
	References


