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Abstract

Objectives The study was designed to investigate the effects of transcranial magnetic
stimulation (TMS) over the dorsolateral prefrontal cortex (DLPFC) on emotional
recognition among individuals differentiated on antisocial personality disorder (APD)
symptoms.
Methods Participants (N = 93) received continuous theta burst stimulation (cTBS)
under four conditions: real or sham cTBS over the left and right DLPFC. After
stimulation, participants performed a dynamic face recognition task depicting fearful,
happy, sad, and painful expressions.
Results Left and right DLPFC stimulation were followed by improved accuracy of
happy and painful emotions compared to sham conditions. Participants receiving left
stimulation were also better able to recognize sad expressions compared to the left
sham condition. A three-way interaction between type of stimulation, emotion recog-
nition, and APD groups suggested that the identified TMS effects on emotion recog-
nition were only significant for individuals at elevated risk for APD symptoms.
Conclusions Findings suggest that DLPFC stimulation can lead to benefits in emotion
recognition among individuals high on APD symptoms.
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Introduction

Prefrontal cortex (PFC) impairments have been associated with socio-emotional pro-
cessing deficits (Adolphs 2002; Coccaro et al. 2011; Shamay-Tsoory et al. 2003).
Evidence from neuropsychological research suggests that PFC structures interact with
emotional neural circuits that underlie behavioral problems and affect the ability to
recognize emotions by inhibiting or modulating their activation (Repple et al. 2017).
The involvement of the dorsolateral prefrontal cortex (DLPFC) in cognitive processing
of emotions has been evident in head injury and lesion studies, with findings
documenting abnormal social-emotional functioning and impaired control of behavior
(Fellows and Farah 2004; Butter et al. 1970). In congruence with these studies,
noninvasive brain stimulation work demonstrated that modulation of PFC can induce
changes on emotional perception and processing (Padberg et al. 2001; Winker et al.
2019). However, evidence for the potential of neuro-stimulation techniques for the
treatment of disorders marked by deficits in emotional processing and frontal brain
abnormalities (Blair 2013), such as antisocial personality disorder (APD), are lacking in
the literature.

According to the DSM-5 (Diagnostic and Statistical Manual – 5th ed.; American
Psychiatric Association [APA] 2013), a key feature of APD is a pervasive disregard
and violation of the rights of others. There are seven main features of APD consisting
of criminal behavior, deceitfulness, impulsivity, aggression and violence, reckless
disregard for safety, irresponsibility, and lack of remorse. Individuals characterized
by such antisocial behaviors frequently show deficits in emotional processing, recog-
nizing facial expressions, and understanding the social cues of other people, which are
essential for normal socialization (Dolan and Fullam 2006; Fanti 2018; Marsh and Blair
2008). Although individuals with antisocial behavior symptoms have deficits in pro-
cessing both negative and positive facial expressions (Mitchell et al. 2006), it is the
ability to understand distress-related cues, especially fearful and sad expressions, that
has been shown to play an important role in appropriate interpersonal behaviors (Billeci
et al. 2019; Dolan and Fullam 2006). Theoretical models attribute symptoms of
antisocial behavior to core deficits in emotion processing that limit the capacity for
empathic experience and prevent individuals from generating negative affect responses
to aversive stimuli (Decety and Moriguchi 2007; Fanti 2018; Fairchild et al. 2009).

Empirical neuroimaging findings indicate that the emotion recognition deficits of
individuals with APD are associated with structural and functional PFC deficits
(Anderson and Kiehl 2012; Blair 2013; Raine et al. 1998; Yang and Raine 2009). A
meta-analysis of 43 imaging studies linked recognition impairments of specific emo-
tions, such as fear and sadness, among antisocial individuals with functional reductions
in various PFC regions, with a stronger effect for the left than right DLPFC (Yang and
Raine 2009). Additional work also provided evidence for the importance of the DLPFC
during the processing of emotional stimuli, which is deficient among individuals with
antisocial behavior symptoms, as well as attention mechanisms for monitoring and
resolving conflict among thoughts and feelings (Ochsner and Gross 2005; Posner and
Rothbart 2007). Neuro-stimulation might be a promising tool for better understanding
the relationship between affect processing and antisociality by altering the function of
accessible cortical regions, such as the DLPFC, and observe the effects on emotional
tasks (Hartwigsen et al. 2015). Better understanding whether stimulating the PFC may
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enhance facial affect recognition would inform the limited literature on noninvasive
stimulation and may possibly lead to effective interventions among antisocial
individuals.

Transcranial magnetic stimulation (TMS) is a promising, non-invasive and low-risk
tool to experimentally investigate the causal involvement of the PFC during emotional
processing in both healthy individuals and individuals with psychological problems
(De Wit et al. 2015; Salehinejad et al. 2017; van Honk et al. 2002). TMS involves
administering noninvasive magnetic pulses that temporarily suppress or excite the
function of a brain region based on the stimulation pattern, frequency, and intensity
(Hallett 2007). As such, TMS is a promising tool for testing hypotheses about the role
of PFC regions in cognitive and emotional processing (Schwarzkopf et al. 2011). By
altering the function of a prefrontal cortical region, we can simultaneously test whether
the target PFC region plays a role in the behavior under observation (Hartwigsen et al.
2015). Importantly, previous studies have used noninvasive brain stimulation over the
DLPFC in healthy subjects and clinical populations (with a diagnosis of depression,
violent offenders, or borderline personality disorder) and have reported significant
beneficial effects on impulsivity, risk-taking, and self-reported aggressiveness (Choy
et al. 2018; Molero-Chamizo et al. 2019; Teti-Mayer et al. 2019), which are symptoms
of APD.

Studies that explored the effect of repetitive TMS over the DLPFC also showed
modification or enhancements during emotion recognition paradigms after treatment.
Both left and right DLPFC stimulation has been related to affective modulation and
changes to empathic responses (Gamond and Cattaneo 2016; Wang et al. 2014).
Results in nonclinical samples indicated that decreasing right DLPFC activation im-
proves attention bias for threatening stimuli and alter emotion-related cognitive pro-
cesses (Diefenbach et al. 2016). In addition, decreasing right PFC activation has been
found to improve inhibitory control of emotion during decision making (Knoch et al.
2006). Other brain stimulation studies that used excitatory stimulation over the left
DLPFC indicated a reduction in emotional discomfort while viewing images demon-
strating human pain (Boggio et al. 2009; Rego et al. 2015). In summary, these results
suggest that both left and right DLPFC stimulation might affect emotional processing
although the differential role of DLPFC hemispheres is still unclear.

A promising and newer patterned form of TMS is theta-burst stimulation (TBS),
which applies 50-Hz stimulation repeated with a rate in the theta range of five times per
second (Huang et al. 2005). TBS is a novel stimulation pattern shown to induce
significant and long-lasting neuronal conditioning responses in motor cortical studies,
while electro-physiological effects in the PFC have also been observed (Grossheinrich
et al. 2009). Intermittent train of TBS (iTBS) induces cortical facilitation, whereas
continuous train of TBS (cTBS) decreases cortical excitability (Huang et al. 2005).
Given the current evidence base, this novel pattern of stimulation, which received its
FDA approval in 2018 for the treatment of depression (Blumberger et al. 2018), allows
a treatment session to last less than 15 min compared to standard treatment sessions that
last for about 40–50 min (Chung et al. 2015). In depression, evidence for the effec-
tiveness of excitatory TBS and non-inferiority to conventional TMS protocols exists
but remain weak in other mental disorders (Chen et al. 2019). Nevertheless, TBS
remains a promising instrument to target maladaptive brain networks because it is a
more convenient intervention for patients and it is certainly a technique more affordable
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to treat a larger number of people. The clinical relevance of TBS has been less
systematically tested especially on PFC regions such as the DLPFC, which is a main
aim of the current study.

Although limited, studies that used specifically theta burst protocols over the
DLPFC also provided evidence supporting that inhibitory cTBS may enhance emo-
tional processing (e.g., Engelen et al. 2018). Recently, the impact of cTBS that reduces
neuronal excitability in the DLPFC was examined using electroencephalography
during emotional face processing (Cao et al. 2018). Findings indicated that inhibitory
cTBS does affect emotional processing, and this effect was observed in changes in
electric patterns in the brain and specifically on alpha band oscillations (Cao et al.
2018). In this study, the authors showed that cTBS delivered over the right DLPFC
decreased alpha power oscillations, pointing to increased activity at the cortical level
during the presentation of happy facial emotional stimuli (also see Coan and Allen
2004). In another recent study that applied cTBS over the DLPFC during affective
processing, right inhibition enhanced occipito-parietal brain activity for both subliminal
and supraliminal negative images compared to neutral (Keuper et al. 2018). Adding to
these findings, inhibitory TMS has also been found to modulate early affective
processing and reaction times for fearful faces in a facial expression identification task
(Zwanzger et al. 2014). Thus, inhibitory TMS or cTBS may be promising stimulation
techniques to boost processing and attention to emotional stimuli. However, it is still
unknown whether these techniques could be used to enhance emotional processing
among individuals with antisocial behavior, an aim of the current study.

Current study

In the current study, we used an experimental design involving both active and
sham TMS conditions to investigate differences in emotion recognition. Sham
TMS mimics the sensory effects of active TMS without actual stimulation of the
brain (Paulus 2005; Vallence et al. 2015). Participants were blinded to condition
(real versus sham) and after stimulation completed a computerized face recogni-
tion task. By doing so, we aimed to shed light on the possible causal role of the
left and right DLPFC in emotional processing. In addition, we investigated
whether inhibitory cTBS over the right and left DLPFC had a differential impact
on the emotion recognition of individuals at low or high risk for APD symptoms.
This is of great importance because there are no previous studies comparing right
and left DLPFC stimulation that simultaneously tests for the effects of antisocial
behavior symptoms on emotional stimuli.

In addition to testing differences on the importance of right and left DLPFC for
emotion recognition, we also investigated the effects of cTBS on both positive and
negative emotions. The asymmetric inhibition model of hemispheric differences, pro-
posed by Grimshaw and Carmel (2014), has suggested that dominance of the right-
hemisphere activity is related with reduced responses to approach-related (positive)
stimuli and dominance of the left-hemisphere activity with reduced responses to
withdrawal (negative) stimuli. Based on this model, we hypothesized that cTBS
inhibition over the right DLPFC might result in better accuracy of positive expressions,
whereas cTBS inhibition over the left DLPFC might result in increased accuracy of
negative emotional expressions. Furthermore, we hypothesized that active stimulation
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would improve emotion recognition among individuals with high levels of APD
symptoms compared to those with low levels, since emotion recognition deficits are
more pronounced among antisocial individuals (Dawel et al. 2012).

Finally, we aim to test whether anxiety, depression, and callous-unemotional
traits might be important covariates in the effects of TMS. Although a single-
session of TMS is usually not found to acutely affect mood in healthy volunteers
(Baeken et al. 2006), it has been reported that mood and anxiety levels prior to
stimulation (perhaps related to expectations concerning the TMS procedures)
affects both cognitive-affective and cortisol responses to TMS (Baeken et al.
2011; Vanderhasselt et al. 2011). Thus, anxiety and depression might influence
the effects of TMS on emotion recognition. In addition, callous-unemotional traits
have been associated with emotional deficits among adolescents and young adults
high on antisocial behavior (Kimonis et al. 2013; Kyranides et al. 2016), suggest-
ing that these traits might explain the association of APD symptoms with emotion
recognition deficits.

Methods

Participants Ninety-three young adults (31 males,Mage = 22.10, SD = 1.54, Age range
18–26; 62 females, Mage = 20.61, SD = 1.34, age range 18–23) were recruited for the
purpose of the current study. They were medication-free, right-handed and had normal
vision (for computer tasks). All invited participants completed the cTBS session.
Exclusion criteria included history of psychiatric/neurological disorders including
epilepsy, head trauma and migraine. One female participant was excluded from the
current sample because of the use of antidepressant medication. The study was
approved by the Cyprus National Bioethics committee.

Procedure This study used a double-blind, randomized, sham-controlled design, where
participants were randomly assigned to one of four different stimulation conditions: left
cTBS (N = 23), right cTBS (N = 23), left sham (N = 24), and right sham (N = 23).
Participants that met preliminary inclusion criteria began with an overview of the study
and completed a written informed consent. The procedure was driven by the experi-
menter so that a quarter of the participants were assigned to the “blue,” “green,”
“yellow,” and “orange” group (unknown stimulation condition to the participant). Male
and female participants were pseudo-randomly assigned to a color-group according to
the order of arrival at the lab. Participants were told that they belong to the color-group
indicated by the card they had chosen and that they will be presented with a face
recognition task of different emotions after receiving a short TMS stimulation session
(40 s). Prior to the experiment, all participants were asked to complete a battery of Self-
Report measures. Self-report assessment was followed by cTBS and then the emotion
recognition task. Immediately after stimulation, participants were comfortably seated in
front of a 19′ computer screen (1024 × 768) at an approximate distance of 80 cm.
Participants first completed a training phase (120 s) of the task, to allow themselves to
familiarize with the overall procedure. Faces were presented in random order and the E-
Prime 2.0 software (Psychology Software Tools, Pittsburg, PA) was used for stimula-
tion presentation and data collection.
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cTBS protocol—real and sham cTBS Coil positioning was determined using standard-
ized coordinates from the EEG (Steinmetz et al. 1989) International 10–20 system
(with F4 corresponding to the right DLPFC stimulation target and F3 corresponding to
the left DLPFC). The location and orientation of each participant’s coil placement was
indicated on a nylon cap that participants wore throughout the single stimulation
session. A figure-of-eight focal coil (70 mm diameter) was used. The coil was held
in a fixed position by a mechanical arm and oriented so that the induced electric current
flowed in a posterior–anterior direction. Stimulus intensities were set at 70% of active
motor threshold (AMT). We chose to use 70% intensity to prevent intense facial muscle
twitching during stimulation. In addition, previous experiments that used cTBS found
significant inhibitory effects using as stimulation intensity 70% of the AMT
(Goldsworthy et al. 2015; McAllister et al. 2009). Each stimulation session TBS burst
consisted of 3 pulses at 50 Hz, with each train being repeated every 200 ms (5 Hz) for a
duration of 40 s (600 pulses). It has been shown that this stimulation paradigm
suppresses cortical excitability. The number of pulses per participant used in the present
study is consistent with the prototype protocol (see Huang et al. 2005).

Sham stimulation was delivered using an identical with the real Magstim figure-of-
eight focal sham coil (70 mm diameter) that also produced identical stimulation noise.
Sham Magstim figure-of-eight coil have been found to induce nearly zero electric-field
under the coil’s center (Chistyakov et al. 2015; Smith and Peterchev 2018), which
make it a credible placebo procedure. The coil was held in a fixed position by a
mechanical arm and oriented so that the induced electric current flowed in a posterior–
anterior direction. Stimulus intensities were the same with the real stimulation condition
and the same positioning procedure was followed using the 10–20 system for all
participants.

Experimental task

Face recognition task A dynamic version of an emotion recognition task was created
using standardized stimuli of dynamic, prototypical facial expressions from the Mon-
tréal Pain and Affective Face Clips (MPAFC) database (see Simon et al. 2008).
Participants viewed a series of 96 1-s dynamic visual stimuli depicting a man or a
woman (48 of each sex), whose facial expression morphed from neutral to one of four
basic expressions: fear, happiness, sadness, and pain (24 facial expressions were shown
for each emotion). Eight clips were presented in random order for each emotion.
Individuals viewed facial expressions on a computer screen and were instructed to
label each emotion on a keyboard. After a practice phase consisting of each of the four
expressions, participants were presented with the test stimuli in random order. Partic-
ipants were scored according to whether or not they correctly identified the facial
expression depicted (Bentler 1990), and the final outcome variable used in the analysis
was the number of accuracy errors that could range from 0 to 24 for each emotion.

Self-report measures

The Adult Self-Report Inventory-4 (ASRI-4; Gadow et al. 2004) was used to assess
APD, generalized anxiety, and depression symptoms as defined in the DSM-5 (APA
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2013). Symptoms on the ASRI-4 are rated on a 4-point Likert-type scale ranging from
0 (never) to 3 (very often). The items were summed to create overall APD (α = 0.78; 7
items; e.g., “I do things that I could get arrested for;” “I start fights”), anxiety (α = 0.86;
6 items; e.g., “I have trouble getting myself to stop worrying”), and depression (α =
0.81; 9 items; e.g., “I feel unhappy or sad”) symptom scores for the purposes of the
current study. Research with clinical, college, and community samples has demonstrat-
ed that scores on the ASRI-4 show convergent and discriminant validity (Gadow et al.
2007; Kyranides et al. 2019; Kyranides et al. 2017). Young adult APD symptoms
assessed with ASRI-4 have been associated with conduct disorder symptoms during
adolescence, pointing to continuity over time (Kyranides et al. 2019). Even though
behavioral symptoms of specific disorders are included in the ASRI-4, it does not
provide additional diagnostic criteria; therefore, the responses do not indicate a clinical
diagnosis but a continuity in symptom severity.

The Inventory of Callous–Unemotional Traits (ICU; Frick 2004), which is designed
to assess self-reported callous–unemotional (CU) traits, was also administered. The
ICU comprises of 24 items (α = 0.80; e.g., “The feelings of others are important to you”
reverse coded) that are rated on a 4-point Likert scale ranging from 0 (not at all true) to
3 (definitely true). CU traits, measured with the ICU, have been associated with
aggression, delinquency, psychosocial and psychophysiological impairment (Fanti
2013; Fanti et al. 2017). Previous research has provided evidence for the validity of
ICU scores in community and college samples of young adults (Fanti et al. 2016;
Kimonis et al. 2015).

Plan of analysis

Similar to prior work (e.g., Coid and Ullrich 2010), median split of the data was
conducted in IBM SPSS 20.0 on the basis of participants ASRI-4 pre-stimulation
scores, in order to recode the continuous APD variable into a categorical one. Inde-
pendent sample t-tests were used to compare the identified groups on APD symptoms,
co-occurring psychopathologies and callous unemotional traits. To address our main
aim, we conducted repeated measures ANOVA in IBM SPSS 20.0 with type of
stimulation and APD groups as the between-group independent variables and accuracy
errors as the within-subjects factor. Before proceeding with the main analysis, we tested
if anxiety, depression and callous-unemotional traits were significant covariates. For all
analyses, significant interactions and repeated effects are depicted in graphs.

Results

APD groups

Individuals above the median on APD symptoms (N = 38; M = 3.06; SD = 1.35),
labeled “High APD,” greatly differed in severity of symptoms compared to those
below the median (N = 55; M = 0.34; SD = 0.48, t(91) = 13.73, p < .001), labeled
“Low APD.” In addition, low and high APD groups differed on internalizing psycho-
pathologies, including depression and anxiety, and callous-unemotional (CU) traits. t
Test results provided evidence that there were significant differences between high

Transcranial magnetic stimulation over the dorsolateral prefrontal... 355



APD and low APD groups on depression, t(91) = 3.72, p < .001, anxiety, t(91) = 3.68,
p < .001, and CU traits, t(91) = 3.34, p < .001 (mean scores are reported in Table 1).
Because the identified groups differed in these measures, these variables were tested as
potential covariates in further analysis.

TMS stimulation results

Repeated measures ANOVA was conducted in IBM SPSS 20.0 with type of stimula-
tion and APD groups as the between-group independent variables and accuracy errors
as the within-subjects factor. Before proceeding with the analysis, we tested for
potential covariates as well as main and interactive effects of gender. Neither anxiety,
F(1, 82) = 0.05, p = .82, nor depression, F(1, 82) = 0.46, p = .50, nor CU traits, F(1,
82) = 0.60, p = .44, were significant covariates. Thus, although the high APD group
differed from the low APD group on anxiety, depression, and CU traits, these variables
did not explain potential associations in the repeated measures ANOVA. In addition, no
main, F(1, 77) = 0.05, p = .83, or interactive effects of gender (F ranged from 0.62 to
1.76) were identified. As a result, these variables were excluded from further analysis.

Findings from the repeated measures ANOVA suggested a significant within-groups
effect for accuracy errors, F(3, 255) = 58.23, p < .001, η2 = 0.41, indicating that
participants showed lower accuracy errors during happy (M = 0.68, SE = 0.11)
compared to fear (M = 6.10, SE = 0.41; p < .001), pain (M = 5.39, SE = 0.44;
p < .001), and sad (M = 5.34, SE = 0.35; p < .001) facial expressions. Between-group
differences for type of stimulation were also identified, F(3, 85) = 3.66, p < .05, η2 =
0.13. On average, participants receiving left stimulation showed lower overall accuracy
errors (see Fig. 1: average) compared to both sham conditions. Importantly, an
interaction between accuracy errors and type of stimulation was identified, F(9,
255) = 2.19, p < .05, η2 = 0.07. As shown in Fig. 1, those receiving stimulation (both
left and right) scored lower on accuracy errors for happy emotions compared to the
sham left group, and lower on accuracy errors for pain emotions compared to the sham
right group. Finally, participants receiving left stimulation scored lower on accuracy
errors in response to sad facial expressions compared to the left sham group.

Effects of APD groups Participants high on APD symptoms in general made more
errors (M = 4.96, SE = 0.34) compared to those low on APD (M = 3.80, SE = 0.27; d =
0.60; p < .05), F(1,85) = 6.73, p < .05, η2 = 0.08. However, according to a two-way
interaction between APD groups and type of stimulation (Fig. 2), F(3,85) = 3.38,
p < .05, η2 = 0.12, this difference was only significant for the sham condition, but not

Table 1 Differences in means among low and high APD groups (n = 93)

High APD M (SD) Low APD M (SD) Significance of group difference

Anxiety 42.13 (10.73) 35.64 (6.21) p < .001

Depression 17.25 (6.93) 12.18 (6.12) p < .001

Callous-unemotional 22.04 (7.63) 16.50 (8.12) p < .001

SD standard deviation
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for the stimulation conditions. These findings indicate that TMS stimulation decreased
the difference in accuracy between APD groups. Additionally, we identified a three-
way interaction between accuracy errors, type of stimulation and APD groups, F(9,
255) = 2.04, p < 0.05, η2 = 0.08. Figure 3 shows the differences in accuracy errors by
type of stimulation for low (see Fig. 3a) and high (see Fig. 3b) APD groups. Findings
suggested that none of the identified differences reported in Fig. 1 were significant
among participants in the low APD group (Fig. 3a); however, these differences
remained significant for the high APD group (see Fig. 3b). One of the reasons, as
evident in Fig. 3, might be that in general participants in the low APD group scored low
on accuracy errors irrespective of stimulation or sham condition (scores for happy
emotions ranged from 0.24 to 0.48 and for negative emotions from 4 to 5.93); however,
this was not the case for the high APD group. As depicted in Fig. 3, the majority of the
differences among stimulation groups for happy, pain, and sad emotions identified for
the overall sample were specific to the high APD group. The main difference was that
only participants high on APD receiving left stimulation differed from those in the right
sham condition in response to pain emotions. Interestingly, individuals receiving left
stimulation scored lower on accuracy errors in response to fear expressions compared
to other stimulation groups, although these differences only approached significance
(p < .10).

Discussion

The present study investigated the impact of inhibitory cTBS over the right and left
DLPFC on facial emotion processing during the presentation of fearful, sad, happy, and
painful facial expressions. Our results showed that both left and right DLPFC stimu-
lation was followed by better emotion recognition performance as demonstrated by
lower accuracy errors for happy emotions compared to the sham left group, and lower
accuracy errors for painful emotions compared to the sham right group. In addition,
participants receiving left stimulation showed higher accuracy rates in response to sad
facial expressions compared to the left sham group. Importantly, findings suggested
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that differences in accuracy rates remained significant only for the high APD group.
Specifically, individuals in the high, but not the low, APD group showed better
emotion recognition performance when receiving real compared to sham stimulation
over the left DLPFC for happy, painful and sad emotions. High APD individuals also
showed higher accuracy rates when receiving right DLPFC stimulation to happy
expressions compared to sham conditions. Findings also indicated that on average
TMS stimulation decreased the differences in accuracy ratings identified among indi-
viduals with low versus elevated APD symptoms.

The lateral division of the human brain into the left and right hemispheres underlies
asymmetries in both structure and function across a broad range of cognitive and
emotional processes. Our results partially agree with the asymmetric inhibition model
(Grimshaw and Carmel 2014), since cTBS inhibition over the left, but not the right,
DLPFC resulted in increased accuracy of negative expressions. However, it should be
pointed out that besides the asymmetric inhibition model, a number of other theories
have been proposed. One model used to explain the brain hemispheres role on emotion,
which has been supported by several studies, is the right hemisphere hypothesis for
emotion lateralization (Borod et al. 1998; Alves et al. 2008). Numerous clinical studies
assessing patients with unilateral brain damage have found that right hemisphere
damage is more likely to cause emotion-processing deficits than left hemisphere
damage (e.g., Abbott et al. 2014; Harciarek et al. 2006). In contrast, the valence
hypothesis proposes that the right hemisphere controls negative emotions, whereas
the left hemisphere controls positive emotions (see Demaree et al. 2005; Tamietto et al.
2006). Further, the approach-withdrawal model proposed that the left hemisphere
controls approach-related behaviors, and the right hemisphere avoidance-related be-
haviors (see Rutherford and Lindell 2011). Overall, it seems that the specific nature of
the lateral division of emotion control remains controversial.

An important contribution of the current study, which is in accordance with the
majority of the above-mentioned models, is the finding that both left and right DLPFC
regions are involved in emotion processing. A possible explanation for this effect can
be derived from recent findings, which suggested that inhibitory repetitive TMS of the
DLPFC can modulate selective attention to emotional stimuli (Zwanzger et al. 2014).
Apart from the present study, DLPFC inhibition has been associated with enhanced
responses to angry compared to neutral stimuli (Engelen et al. 2018) and enhance brain
activity in response to happy emotional faces (Cao et al. 2018). Using inhibitory TMS,
van Honk et al. (2002) found that the left and right PFC were involved in reducing the
vigilant emotional response to unmasked versions of emotional faces, suggesting an
important role in emotional processing. However, these studies did not include facial
expressions depicting different emotions, and differed from the present study with
respect to the experimental task employed to asses facial recognition processes. Our
results provided an important contribution to the experimental TMS research by
evidencing the involvement of the left and right PFC for recognition processes of
distinct emotional expressions. Left DLPFC stimulation contributed to improved rec-
ognition accuracy of pain and sadness and both left and right stimulation improved
recognition accuracy to happiness.

Furthermore, our findings suggest that modulating the left DLPFC with cTBS may
play a role in increasing emotion recognition of different facial expressions among
individuals with antisocial symptoms. The significant interaction between groups (high
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versus low APD) and emotion recognition, suggested that only the high APD group
receiving active left cTBS showed better performance compared to sham conditions
during painful, sad, and happy facial expression stimuli. Compared to the low risk
group, those in the high APD group also showed less accuracy errors in response to
happy faces after right DLPFC inhibition. Antisocial symptoms in general have been
associated with hypo-sensitivity to others’ distress and empathy-eliciting information
(Fanti 2018). Further, individuals with behavioral problems demonstrate deficits in
processing facial expressions associated with both negative and positive emotions
(Mitchell et al. 2006). Recent studies also suggested that high levels of antisocial traits
are related with impairments on processing the salient aspects of emotional facial
stimuli (i.e., eyes) and especially emotions associated with sadness and fear (Fanti
et al. 2016; Kimonis et al. 2015; Kyranides et al. 2019). It is possible that by
modulating the atypical pattern of neural activity of individuals with APD while
viewing others emotional expressions may result in positive emotional and behavioral
changes. However, this is only a hypothesis that should be explored in future studies,
especially since we are not aware of any previous work that applied TMS or cTBS as
an intervention for emotional processing deficits among individuals with APD or
antisocial behavior.

Nevertheless, our results supported the view that cTBS could play an important role
in tackling some of the problems observed among individuals with antisocial symptoms
related to emotional processing. In terms of clinical implications, these results suggest
that TMS may be a potential clinical tool to facilitate emotional processing to happy but
also sad and painful emotions. In the context of a single session, we could observe a
cTBS related effect on improving accuracy errors for facial expressions. Regarding the
participation of the left and the right DLPFC hemispheres in emotional processing,
current results indicate that both regions were involved in emotional processing with an
effect of the right DLPFC in response to happy faces and an effect of the left DLPFC in
response to happy, painful and sad expressions. The results may also allow for a
speculation regarding the mechanisms by which cTBS contributes to improved emo-
tional accuracy, which is via inhibitory effects on DLPFC. Agreeing with this sugges-
tion, previous studies of reappraisal of negative emotional stimuli have found activa-
tions in a number of prefrontal cortical areas, reductions of amygdala activity, and
changes in evaluations of the value of emotional stimuli or situations (Baeken et al.
2010; Etkin et al. 2011; Wager et al. 2008). At this point, this suggestion remains a
speculation that will need to be further investigated in future studies with designs that
allow such hypothesis testing.

Limitations, strengths, future directions, and conclusions

Potential limitations of our study also need to be discussed. A critical issue concerns the
interpretation of our results with respect to the lack of baseline testing on the emotional
recognition task. We measured facial recognition accuracy responses only after stim-
ulation. Replicating the identified differences between groups receiving real and sham
stimulation, with comparisons before and after stimulation will provide additional
evidence about the cTBS effects on emotion recognition. Moreover, considering that
the female participants in our sample outnumbered male participants and that partici-
pants were healthy individuals without an APD diagnosis, generalization of the present
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findings is limited. Therefore, this study is in need of replication in a sample with more
male subjects, clinically diagnosed with APD. However, the identified APD groups in
our study greatly differed in severity of symptoms. In addition, we compared the
identified groups on co-occurring psychopathologies and callous-unemotional traits,
finding that the groups scoring high on APD symptoms were at greater risk for both
internalizing problems and psychopathic traits. These findings agree with prior work
that APD increases the risk of anxiety and depression, which leads to societal malad-
justment, substance use, and suicidal ideation (Goodwin and Hamilton 2003). Further,
prior work using similar samples verified the strong association between callous-
unemotional traits and the diagnosis of APD, suggesting that APD relates to low
empathy and lower sympathy for others (Kimonis et al. 2013; Kyranides et al. 2019).
Finding that the high APD group in the current study is characterized by co-occurring
internalizing problems and CU traits suggest that these individuals might be at greatest
need for intervention. Nevertheless, none of these variables were significant covariates,
indicating that the identified effects were due to cTBS.

Another limitation is the lack of neuroimaging data to demonstrate the effects of
cTBS in other brain areas beside the DLPFC. In addition, conducting multi-session
cTBS at both left and right DLPFC would help to elucidate the impact of this type of
stimulation and understand its long-term effects in modulating emotion processing
more fully. Future pilot studies that combine multi-session designs, neuroimaging,
and neuromodulation methods are essential for informing effective interventions.
Despite the limitations, the current study is among the first to consider left and right
DLPFC stimulation and sham conditions, with a larger sample size compared to the
majority of prior TMS work.

It is also important to consider the possibility that TMS could be used to strengthen
the effects of existing behavioral or cognitive interventions as well. One example for
future investigations is attention modification therapy (AMT) towards emotional stim-
uli combined with TMS since our findings indicate that cTBS may boost emotion
recognition. AMT is a novel treatment approach based on cognitive neuroscience
research (Bar-Haim 2010) and can be delivered cheaply and safely to large numbers
of children and adults. Combining TMS with AMT may be an interesting intervention
opportunity for altering attention bias towards emotional stimuli through which nonin-
vasive brain stimulation could have the potential to become an enhancing tool.
Furthermore, we investigated the effects of cTBS over both PFC hemispheres and
identified that both left and right stimulation was followed by better emotion recogni-
tion. Importantly, the identification of such clinical effects of different protocols, in this
case cTBS, can be used to minimize the adverse effects of pharmacology interventions.
In fact, TMS is used for patients with resistant depression that do not respond to drug
treatment (Perera et al. 2016). Moreover, so far only standard inhibitory and excitatory
stimulation have been used in clinical practice, without customizing the choice of
different and more novel protocols such as TBS according to a patient’s specific
clinical profile or imaging-based estimates of dysregulation. Getting to know better
the effects of novel protocols will give the chance to clinicians in collaboration with
TMS technicians to choose among a variety of stimulation protocols that are most
appropriate to the needs of each patient.

This study takes a step towards advancing knowledge about neural mechanisms that
regulate emotional processing. Furthermore, our findings help in clarifying that
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treatment programs for antisocial behaviors may benefit by considering noninvasive
brain stimulation techniques. Among other etiological mechanisms, the role of neural
impairments on the development of antisocial behavior has been increasingly acknowl-
edged (Fanti et al. 2019; Raine et al. 1998; Van Goozen and Fairchild 2008). Our
findings further suggested that left stimulation affected emotion recognition of others’
pain, sadness, and happiness, whereas right stimulation affected emotion recognition of
others’ happiness. These findings may have clinical implications for the application of
TMS. In addition, current findings may advance our understanding of the networks
involved in the emotional processing of facial stimuli, which possibly relate to differ-
ences in cognitive and affective empathy. Although additional evidence is needed, our
novel findings suggest that the modulation of the right and left DLPFC can affect
emotion recognition and may help on targeting atypical neural responses in antisocial
populations.
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