
Influence of theta-burst transcranial magnetic stimulation
over the dorsolateral prefrontal cortex on emotion processing
in healthy volunteers

Ana Dumitru1
& Lorenzo Rocchi2 & Fedal Saini3 & John C. Rothwell2 & Jonathan P. Roiser3 & Anthony S. David1

&

Raphaelle M. Richieri4 & Gemma Lewis1 & Glyn Lewis1

Accepted: 13 September 2020
# The Author(s) 2020

Abstract
Repetitive transcranial magnetic stimulation is a potential treatment option for depression, with the newer intermittent theta-burst
stimulation (iTBS) protocols providing brief intervention. However, their mechanism of action remains unclear. We investigated
the hypothesis that iTBS influences brain circuits involved in emotion processing that are also affected by antidepressants. We
predicted that iTBS would lead to changes in performance on emotion-processing tasks. We investigated the effects of intermit-
tent TBS (iTBS) over the left dorsolateral prefrontal cortex (DLPFC) on the processing of emotional information (word recall and
categorization, facial emotion recognition, and decision-making) in 28 healthy volunteers by contrasting these effects with those
of sham stimulation. Each volunteer received iTBS and sham stimulation in a blinded crossover design and completed the
emotion-processing tasks before and after stimulation. Compared to sham stimulation, iTBS increased positive affective pro-
cessing for word recall, yet had an unexpected effect on facial emotion recognition for happy and sad faces. There was no
evidence of an effect on decision-making or word categorization. We found support for our hypothesis that iTBS influences
emotion processing, though some changes were not in the expected direction. These findings suggest a possible common
mechanism of action between iTBS and antidepressants, and a complex neural circuitry involved in emotion processing that
could potentially be tapped into via brain stimulation. Future research should investigate the neural correlates of emotion
processing more closely to inform future iTBS protocols.
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Introduction

Depression is the leading cause of disability worldwide
(World Health Organization, 2017), making the need for ef-
fective treatments options important (Cuijpers et al., 2017).

Due to a significant proportion of patients failing to respond
to psychiatric medication or therapy (Amick et al., 2015;
Barth et al., 2013; Cipriani et al., 2018), exciting brain-
stimulation methods have evolved as a potential therapeutic
tool. One such method, repetitive transcranial magnetic stim-
ulation (rTMS), induces a current flow within cortical brain
regions by producing an alternating electromagnetic field de-
livered in brief, but powerful pulses – 1.5–3 Tesla strong
(George & Post, 2011). When compared to single pulses, re-
peated pulses have longer-lasting effects, believed to induce
cortical plasticity (Klomjai et al., 2015); such effects depend
on stimulation parameters (i.e. frequency of pulses, number of
trains, duration of treatment, intensity of stimulation, etc.)
(Ridding & Rothwell, 2007). Due to its neuromodulatory ef-
fects on cortical activity (Wassermann & Zimmermann,
2012), rTMS has received particular attention in the treatment
of depression. An antidepressant effect of 10 Hz rTMS over
the prefrontal cortex (PFC) was first reported by Pascual-
Leone et al. (1996), with subsequent studies providing robust
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evidence for short-term effectiveness (Eshel et al., 2017;
Fitzgerald et al., 2016; George, 1998; Weissman et al.,
2017). Despite the multitude of studies conducted in this field,
we still do not know how rTMS affects different brain regions,
which in turn affect behaviour.

The dorsolateral PFC (DLPFC) is a frontal brain area that
has been targeted in rTMS studies involving emotion process-
ing and depressive symptoms (Padberg & George, 2009;
Baeken & De Raedt, 2011). The DLPFC is involved in pro-
cessing of emotions, specifically top-down emotional control
(Cacioppo et al., 1993; Dolcos et al., 2004; Zwanzger et al.,
2014), and is more broadly linked to working memory and
cognitive control, processes that can become impaired during
depression (Fales et al., 2008; Grimm et al., 2008; Koenigs &
Grafman, 2009; Rock et al., 2014). Studies involving the 10 Hz
rTMS over the DLPFC have provided interesting insight, in
both depressed and healthy individuals, regarding its positive
influence on working memory and emotion processing
(Weigand et al., 2013; Guo et al., 2019). The beneficial effects
of rTMS over the DLPFC are believed to stem from the con-
nections of the PFC with the limbic system, particularly the
hippocampus and amygdala (Groenewegen & Uylings, 2000).
Moreover, researchers have argued that high-frequency rTMS
to the DLPFC could help regulate stress responses through
connections with the hypothalamic-pituitary axis, which can
become dysregulated during depression (Baeken & De Raedt,
2011). More recent studies found rTMS modulates functional
connectivity between the DLPFC and other limbic regions such
as the subgenual anterior cingulate cortex (Kito et al., 2017).

Previous brain stimulation research involving transcranial
direct current stimulation (tDCS), as well as rTMS protocols,
has indicated that transcranial brain stimulation over the
DLPFC improves emotion processing in both healthy and
patient populations, by inhibiting negative bias and increasing
excitability for positive stimuli (Brunoni et al., 2014; Guo
et al., 2019; Ironside, O’Shea, Cowen, & Harmer, 2016;
Nitsche et al., 2012). Authors argue that stimulation methods
such as rTMS, if applied over the left PFC, can modulate
affective processing (Choi, Scott, & Lim, 2016; Schutter &
van Honk, 2005). For instance, a study performed in a schizo-
phrenic cohort showed that rTMS improved facial affect rec-
ognition (Wölwer et al., 2014). In another study on healthy
participants, Skrdlantová et al. (2005) talked about localiza-
tion of word memory to the left PFC and accessing it via
rTMS. Stimulation of this area seems to improve cognitive
control and decision-making as well (Li et al., 2017;
Philiastides et al., 2011). Moreover, rTMS over the left
DLPFC appears to improve processing and especially memo-
ry retrieval for affective information (Balconi & Ferrari,
2012b; Balconi & Cobelli, 2014). Studies in which the left
DLPFC was stimulated have seen changes in facial-affect
processing (De Raedt et al., 2010; Mondino, Thiffault, &
Fecteau, 2015; Moulier et al., 2016).

Intermittent theta-burst stimulation (iTBS) involves high-
frequency trains of stimulation and is based on the naturally
occurring theta-wave patterns exhibited by neurons (Huang
et al., 2005). Non-inferior in effectiveness, but with a shorter
duration compared to 10-Hz rTMS, iTBS could allow for
more people to be treated daily (Blumberger et al., 2018).
Despite these promising clinical results, the mechanism
through which iTBS treats depressive symptoms remains
poorly understood (Cramer et al., 2011; Suppa et al., 2016).

We propose that iTBS over the DLPFC would have a sim-
ilar cognitive effect to that of an antidepressant. A possible
candidate mechanism for the antidepressant effects of iTBS is
through emotion processing. Numerous studies using objec-
tive neuropsychological measures have found that people with
depression show abnormalities in their attention, memory, and
learning when processing emotional information, and this is
altered by antidepressant medication (Lewis et al., 2017;
Roiser, Elliott, & Sahakian, 2011; Roiser & Sahakian,
2016). Harmer et al. (2009) have suggested that antidepres-
sants work via a rapid change in emotion processing that then
leads to a slower improvement in mood. Lower scores on
depression scales were robustly associated with more positive
emotion processing in a large sample (Lewis et al., 2017),
while antidepressants appeared to increase positive affective
processing in healthy and depressed people alike (Harmer
et al., 2009). A study by Bone et al. (2019) looked at the
variation in happy and sad facial recognition in a depressive
population, finding no association between hit rates and de-
pressive symptoms, and some evidence of an association for
the misclassification of ambiguous happy faces (happy false
alarms) and reduced depression scores.

In this study, our aim was to investigate the effects of
iTBS over the left DLPFC on emotion processing in
healthy participants in order to test our hypothesis
concerning the mechanism of action of iTBS. Based on
the previous studies discussed so far, which maintain that
stimulation of the DLPFC increases positive affect and
modulates emotion processing, we expected that iTBS over
the left DLPFC would improve performance on three af-
fective processing tasks, targeting three important domains
of mood-related information processing: emotional memo-
ry and categorization for words (Emotional Categorization
Word Task), emotion recognition in faces (Emotional
Recognition Task), and decision-making (Cambridge
Gambling Task). We predicted that iTBS would increase
positive affective processing as measured by these tasks
(i.e. greater recall and improved categorization of positive
words, greater hits and false alarms for happy faces, and
greater risk adjustment for win and loss conditions, respec-
tively). We chose these tasks as they have been previously
used in similar studies or they are relevant in the context of
DLPFC circuitry (i.e. Balconi & Ferrari, 2012a; Bland
et al., 2016; Lewis et al., 2017; Yazdi et al., 2019).
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Methods and materials

Participants

Data were collected from 28 healthy, right-handed volunteers,
with normal or corrected-to-normal vision (mean age 27
years, age range 19–44 years, SD = 6.52; 17 males), recruited
via their response to an advert posted through the University
College London (UCL) Institute of Cognitive Neuroscience
database. Exclusion criteria consisted of any history of neuro-
logical or psychiatric illness – including stroke, seizure, or
epilepsy, any implanted devices such as pacemakers, any
use of psychotropic medication, and any significant sleep dep-
rivation. Furthermore, participants were asked to refrain from
consuming alcohol or caffeine prior to the study session
(Silvanto & Pascual-Leone, 2008).

This research study was approved by the UCL Research
Ethics Committee and was conducted in accordance with the

World Medical Association Declaration of Helsinki (World
Medical Association Declaration of Helsinki, Seventh
Revision, 2013).

Participants read the participant information sheet and gave
informed consent prior to their participation in the experiment.
Each participant kept a copy for their own records. Moreover,
each participant received a total of £20 as reimbursement.

Procedure

The experiment took place at the UCL Institute of Neurology,
London, UK.

Prior to engaging in the experimental tasks, we asked par-
ticipants to answer questions regarding age, gender, and
sociodemographic information, as well as to complete the
Generalized Anxiety Disorder scale version 7 (GAD-7) and
the Patient Health Questionnaire version 9 (PHQ-9) (Kroenke
et al., 2001; Löwe et al., 2008). These questionnaires were
included to assess baseline mood and anxiety.

Each participant received one session of iTBS and one of
sham stimulation separated by at least 3 days. The order of the
sessions was randomized and counterbalanced in a single-blind
within-subject design. Only participants were blinded to the con-
dition, as the experimenter was responsible for implementing the
protocol. The computer tasks were administered at three
timepoints: prior to any sham/iTBS stimulation session (base-
line), as well as once immediately after each sham/iTBS session.
The testing session lasted for approximately 1 h. Participants
were reimbursed £10 upon completion of each session.

Measures

We used three emotion-processing tasks: the Emotional
Categorization Word Task (ECAT) (adapted from the
P1vital® Oxford Emotional Test Battery Tasks, n.d., and orig-
inally developed by Anderson, 1996), the Emotional
Recognition Task (ERT) for faces, and the adapted Cambridge

Table 2. Means and standard deviation for recall of positive and
negative words, reaction time (RT) to categorize positive and negative
words, and accuracy or hits (Acc) to categorize positive and negative
words relative to the sham and iTBS conditions, respectively
(Emotional Categorization Word Task)

Mean SD

Sham iTBS Sham iTBS

Positive words 5.07 6.36 2.09 2.47

Negative words 4.61 4.39 1.59 2.64

RT positive words 890.52 909.99 223.22 243.95

RT negative words 980.92 959.86 249.05 255.98

Acc positive words 0.93 0.92 0.08 0.07

Acc negative words 0.87 0.91 0.13 0.08

Table 1 Sample demographic distribution

Variable Frequency Percent

Gender

Male 17 60.71

Female 11 39.29

Ethnicity

White/White British 14 50

Black/Black British 2 7.14

Asian/Asian British 6 21.43

Mixed 3 10.71

Chinese 3 10.71

Marital status

Married/living as married 3 10.71

Single 25 89.29

Education

University 23 82.14

No university 5 17.86

Employment

Student 22 78.57

Full-time work 4 14.29

Part-time work 2 7.14

Housing

Tenant 23 82.14

Living with family/friends 3 10.71

Hostel/care home 1 3.57

Other 1 3.57

Financial situation

Living comfortably 2 7.14

Doing alright 19 67.86

Just about getting by 7 25

*Overall sample population distribution by frequency and percentage
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Gambling Task (CGT) (both from the EMOTICOM test battery
developed by Bland et al., 2016). These tests assess three im-
portant aspects of affective cognition, specifically emotional
word recall/categorization, facial emotion recognition, and deci-
sion-making, respectively. The total amount of time spent on the
three tasks per session was approximately 20 min, and the order
of presentation for the tasks was randomized, as well as the
stimuli presented within the tasks.

ECAT word task

In this task, memory and accuracy for socially rewarding ver-
sus socially critical information were assessed. Each session
comprised a set of 40 words indicative of personality traits
(half of them likeable, half dislikeable); each set was different,
and presented in random order for 500 ms. Participants indi-
cated whether they would like or dislike to be described by
others with each presented word by pressing a keyboard but-
ton. The ECAT was run on E-Run, an application within E-
Prime software (Schneider et al., 2002). Once one session was
completed, the experimenter gave the participant a free-recall
test by asking them to write down as many words from the
task as they could remember within 2 min, after which the
experimenter calculated the number of positive/negative
words recalled. The accuracy (positive/negative words cor-
rectly categorized as positive/negative) and reaction time for
categorizing positive/negative words were also assessed. It
has been suggested that self-relevant stimuli are processed
automatically, and do not demand a high cognitive load, thus
minimizing any potential practice effects (Bargh, 1982).

Emotion Recognition Task

The ERT for faces (Bland et al., 2016) measures the ability to
identify emotions in facial expressions. The participant is re-
quired to indicate whether a face appearing on the screen is
happy, sad, angry or fearful. The task was run on PsychoPy
version 1.90.2 software (Peirce, 2007). The stimuli are
morphed, averaged faces of real-life individuals expressing
one of the four emotions, at 10 different intensities (where 1
is lowest, and 10 highest). The faces are presented for 250 ms,
followed by four options (happy, sad, anger, fear) to choose
from. Following each stimulus, a visual noise mask appears
briefly to prevent afterimages. The 40 emotion-expressing
stimuli are each repeated twice, totalling 80 faces presented
to the participant. We calculated the number of happy, sad,
anger and fear false alarms (i.e. other emotions incorrectly
classified as happy, sad, angry and fearful) participants had
for emotions in ambiguous faces (stimulus intensities 1–5), as
well as the number of happy, sad, fear and anger hits (i.e.
stimuli accurately identified as happy, sad, angry or fearful).

Cambridge Gambling Task

The adapted CGT (Bland et al., 2016) measures decision-
making and risk-taking behaviour. Participants are presented
with a pie chart – coloured orange and purple – depicting the
probabilities of win and loss (50-50, 60-40, 70-30, 80-20 and
90-10 divisions), as well as sets of chips (5p, 10p and 20p
stacks), from which participants must select two each time
they place a bet on a pie division. In the win condition, par-
ticipants bet two chips on a pie division, and either keep or

Table 4. Multilevel mixed-effects models unadjusted and adjusted, with reaction time (RT) to categorize positive and negative words as dependent
variables and stimulation (iTBS/sham) as independent variables, sham condition as reference value (Emotional Categorization Word Task)

Unadjusted (N = 28) P Adjusted* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

RT positive words 19.48 -69.88 to 108.83 0.669 26.46 -49.70 to 102.62 0.496

RT negative words -21.06 -79.31 to 37.19 0.479 - 21.77 - 72.68 to 29.15 0.402

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, and baseline performance

Table 3. Multilevel mixed-effects models unadjusted and adjusted, with positive and negative words recalled as dependent variables and stimulation
(iTBS/sham) as independent variables, sham condition as reference value (Emotional Categorization Word Task)

Unadjusted (N = 28) P Adjusted* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

Positive words 1.29 0.41 to 2.16 0.004 1.29 0.53 to 2.04 0.001

Negative words -0.21 -1.06 to 0.63 0.618 -0.21 -0.97 to 0.54 0.579

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, and baseline performance
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double their bets, while in the loss condition they either keep
or lose their bets. Thus, the conditions make a distinction
between reward and punishment. There are a total of 15 trials
per condition. The outcome measure is sensitivity to probabil-
ity, assessed by the risk adjustment score (RA), which is cal-
culated separately for the win and loss conditions using the
following formula:

RA ¼ ��
2*bet at 90%

�þ �
1*bet at 80%

�þ �
0*bet at 70%

�

−
�
1*bet at 60%

�
−
�
2*bet at 50%

��
=Average bet

(Bland et al., 2016).

Transcranial Magnetic Stimulation

For TMS, a biphasic Magstim Rapid2 stimulator with an
eight-figure D70-mm alpha coil was used (Magstim Ltd,
Whitland, Wales, UK). A 64-channel electroencephalogram
(EEG) cap was set up according to the 10/20 system to deter-
mine the appropriate left DLPFC location, estimated to be at
the F3 electrode (Fitzgerald et al., 2009). We followed these
pre-established parameters in our study to ensure the quality
of our findings.

Prior to administering iTBS/sham stimulation, the active
motor threshold (AMT) was obtained for each participant by
stimulating the left motor cortex while recording the response
from the first dorsal interosseous (FDI) muscle of the right
hand with Ag/AgCl surface electrodes arranged in a belly-
tendon fashion. Raw signal, sampled at 5 kHz with a CED
1401 analog-to-digital laboratory interface (Cambridge
Electronic Design Ltd.), was amplified and filtered

(bandwidth 5 Hz–2 kHz) with a Digitimer D360 (Digitimer
Ltd.). Data were stored on a laboratory computer for online
visual display. AMTwas defined as the lowest magnetic stim-
ulator intensity able to evoke a motor-evoked potential of at
least 200 μV in five out of ten trials (i.e. Bologna et al., 2016;
Nardella et al., 2014; Rocchi et al., 2017).

After determining the appropriate intensity for stimulation,
either sham or iTBS was administered in randomized,
counterbalanced order to each participant. iTBS consisted of
three-pulse bursts at 50 Hz, delivered in short trains lasting 2 s
repeated every 10 s for 20 trains, for a total of 600 pulses. The
stimulation intensity was set as 80% AMT, a value sufficiently
strong to elicit an excitatory response (Bakker et al., 2015; Conte
et al., 2014; Chung et al., 2017a; Chung et al., 2017b; Huang
et al., 2005; Padberg & George, 2009). For the real iTBS, the
coil was centred on F3 electrode at a 45° angle from the midline
(Chung et al., 2017a; Fitzgerald et al., 2009), to elicit the stron-
gest response (Thomson et al., 2013). For sham stimulation, the
coil was oriented at 90° to the scalp so that the electromagnetic
field was tangential to the head (Chung et al., 2017a).

Statistical analysis

We performed multilevel mixed-effects linear regressions
with individuals as a random intercept term to account for
the two time-points for each outcome with Stata version 15
software (StataCorp, 2017). The independent variables were
the administered stimulation (0 – sham; 1 – iTBS) and session
order (1, 2, 3), with the dependent variables represented by the
number of positive/negative words recalled, the reaction time
and the accuracy to categorize positive/negative words in

Table 5. Multilevel mixed-effects models unadjusted and adjusted, with accuracy or hits (Acc) to categorize for positive and negative words as
dependent variables and stimulation (iTBS/sham) as independent variables, sham condition as reference value (Emotional Categorization Word Task)

Unadjusted (N = 28) P Adjusted* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

Acc positive words -0.005 -0.04 to 0.02 0.721 -0.01 -0.04 to 0.02 0.501

Acc negative words 0.04 -0.004 to 0.08 0.077 0.04 -0.002 to 0.07 0.066

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, and baseline performance

Table 6. Adjusted* multilevel mixed-effects model with positive and
negative words recalled as dependent variables and session order as in-
dependent variable, first session as reference value (Emotional
Categorization Word Task)

Mean difference 95% CI P

Positive words -0.97 -1.84 to -0.09 0.029

Negative words 1.25 0.45 to 2.06 0.002

*Adjusted for stimulation, age, gender, education, RT, Acc, PHQ-9, and
GAD-7

Table 7. Adjusted* multilevel mixed-effects model with reaction time
(RT) for categorizing positive and negative words as dependent variables
and session order as independent variable, first session as reference value
(Emotional Categorization Word Task)

Mean difference 95% CI P

RT positive words 110.03 29.14 to 190.92 0.008

RT negative words 100.06 47.24 to 152.88 0.000

*Adjusted for stimulation, age, gender, education, positive and negative
words recalled, Acc, PHQ-9, and GAD-7
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ECAT, the number of happy, sad, anger and fear false alarms
for ambiguous faces and happy, sad, anger and fear hits par-
ticipants made on the ERT, and the RA score for win/loss
conditions in CGT, with each analysed in separate analyses.

The model was run before and after adjustment for con-
founder variables such as age, gender, education, mood and
anxiety levels (PHQ-9 and the GAD-7 scores), which have
been associated with both recall (Lewis et al., 2017) and emo-
tion recognition (Harmer et al., 2003; Montagne et al., 2007).
We also adjusted the model for the baseline measures (ac-
quired prior to the first stimulation session) for each task.

We used alpha=0.05 (two-tailed) as our Type I error thresh-
old. With 28 participants we had 80% power to detect an
effect size (standardised mean difference) of d=0.55 between
the stimulation conditions.

Moreover, we investigated if there are potential effects of
order by running our models with session order as intercept
term for each variable, while adjusting for potential confound-
ing from stimulation type, age, gender, education and so on.
We also looked at the unadjusted means and their correspond-
ing standard deviations to get an overall idea of what perfor-
mance looked like in each session.

Results

Table 1 illustrates the participants’ demographic data. There
were no missing values.

Scores on the PHQ-9 (mean 2.14; SD = 2.34; 95% CI:
1.24–3.05) and GAD-7 (mean 2; SD = 1.87; 95% CI: 1.28–
2.72) indicated that participants had no significant mood or
anxiety disruptions (scores of 5, 10 and 15 represent cut-off
points for mild, moderate and severe depression and anxiety,
respectively).

ECAT Word Task

The mean and standard deviation for positive and negative
words recalled, as well as the reaction time (RT) and accuracy
(Acc) in categorizing positive and negative words, relative to
the stimulation condition, are shown in Table 2. As seen in
Table 3, iTBS increased the recall of positive words both
before (mean difference = 1.29, 95% CI: 0.41–2.16, P-value
= 0.004) and after adjustment (mean difference = 1.29, 95%
CI: 0.53–2.04, P-value = 0.001). There was no evidence for an
effect of iTBS on the recall of negative words (mean differ-
ence = -0.21, 95% CI: -1.06–0.63, P-value = 0.618 unadjust-
ed; mean difference = -0.21, 95% CI: -0.97–0.54, P-value =
0.579 adjusted). Table 4 shows that iTBS did not have a sig-
nificant effect on RT for positive (mean difference = 19.48,
95% CI: -69.88–108.83, P-value = 0.669 unadjusted; mean
difference = 26.46, 95% CI: -49.70–102.62, P-value = 0.496
adjusted) or negative words (mean difference = -21.06, 95%
CI: -79.31–37.19, P-value = 0.479 unadjusted; mean differ-
ence = -21.77, 95% CI: -72.68–29.15, P-value = 0.402 adjust-
ed) as compared to sham stimulation, while Table 5 again
shows no evidence for an effect of iTBS on accuracy (Acc)
in categorizing positive (mean difference = -0.005, 95% CI: -

Fig. 1 Unadjusted means for positive and negative words recalled per session, with error bars representing mean standard deviation

Table 8. Adjusted* multilevel mixed-effects model with accuracy
(Acc) in categorizing positive and negative words as dependent variables
and session order as independent variable, first session as reference value
(Emotional Categorization Word Task)

Mean difference 95% CI P

Acc positive words -0.02 -0.05 to 0.02 0.288

Acc negative words -0.04 -0.08 to 0.002 0.064

*Adjusted for stimulation, age, gender, education, positive and negative
words recalled, RT, PHQ-9, and GAD-7
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0.04–0.02, P-value = 0.721 unadjusted; mean difference = -
0.01, 95% CI: -0.04–0.02, P-value = 0.501 adjusted) or neg-
ative words (mean difference = 0.04, 95% CI: -0.004–0.08,
P-value = 0.077 unadjusted; mean difference = 0.04, 95% CI:
-0.002–0.07, P-value = 0.066 adjusted) when compared to
sham stimulation.

Tables 6, 7 and 8 show the effect of order of the sessions on
each of the variables investigated, adjusted for potentially
confounding variables (positive and negative words recalled
in Table 6, RT positive words and RT negative words in
Table 7, Acc positive words and Acc negative words in
Table 8). There were effects of order present for recall of
positive (mean difference = -0.97, 95% CI: -1.84–0.09, P-
value = 0.029) and negative words (mean difference = 1.25,
95% CI: 0.45–2.06, P-value = 0.002), as well as concerning
RT for categorizing both positive (mean difference = 110.03,
95% CI: 29.14–190.92, P-value = 0.008) and negative words

(mean difference = 100.06, 95% CI: 47.24–152.88, P-value =
0.000). No effects of order were observed for accuracy (Acc)
in categorizing positive (mean difference = -0.02, 95% CI: -
0.05–0.02, P-value = 0.288) or negative words recalled (mean
difference = -0.04, 95% CI: -0.08–0.002, P-value = 0.064).
Figures 1, 2, and 3 show the unadjusted means with corre-
sponding standard deviations (SD) in each session for positive
and negative words recalled (Fig. 1), reaction time (RT) for
categorizing positive and negative words (Fig. 2), and accura-
cy (Acc) in categorizing positive and negative words (Fig. 3).

Emotion Recognition Task

The mean and standard deviation for happy, sad, anger, and
fear false alarms for ambiguous faces relative to the stimula-
tion condition can be found in Table 9.

Fig. 3 Unadjusted means for accuracy (Acc) for categorizing positive and negative words per session, with error bars representing mean standard
deviation

Fig. 2 Unadjusted means for reaction time (RT) for categorizing positive and negative words per session, with error bars representing mean standard
deviation
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There were fewer happy false alarms in the iTBS than in
the sham condition (mean difference = -1.64, 95% CI: -3.27 –
-0.02, P-value = 0.047 before adjustment; mean difference = -
1.64, 95% CI: -3.26 – -0.03, P-value = 0.046 after adjustment)
and more sad false alarms in the iTBS condition than sham
(mean difference = 1.75, 95% CI: 0.10–3.40, P-value = 0.037
before adjustment; mean difference = 1.75, 95% CI: 0.24–
3.26, P-value = 0.023 after adjustment), while no difference
between sham and iTBS conditions could be observed regard-
ing fearful and angry false alarms (mean difference = 0.29,
95% CI: -0.72–1.29, P-value = 0.577 before adjustment for
anger false alarms, and mean difference = 0.04, 95% CI: -
0.82–0.89, P-value = 0.935 before adjustment for fear false
alarms; mean difference = 0.32, 95% CI: -0.48–1.12, P-value
= 0.435 after adjustment for anger false alarms, and mean
difference = 0.05, 95% CI: -0.79–0.89, P-value = 0.904 after
adjustment for fear false alarms) (Table 10).

The means and standard deviations for happy, sad, anger,
and fear hits for the sham and iTBS conditions can be found in
Table 11. Regarding hits analyses, there were fewer happy hits
in the iTBS than in the sham condition (mean difference = -
0.05, 95% CI: -0.08 – -0.02, P-value = 0.001 before adjust-
ment; mean difference = -0.04, 95% CI: -0.07 – -0.01, P-value
= 0.008 after adjustment). There was no evidence for an effect
of stimulation on sad hits (mean difference = 0.02, 95% CI: -
0.02–0.06, P-value = 0.270 before adjustment; mean differ-
ence = -0.003, 95% CI: -0.04–0.03, P-value = 0.884 after

adjustment), anger hits (mean difference = -0.02, 95% CI: -
0.07–0.03, P-value = 0.478 before adjustment; mean differ-
ence = -0.02, 95% CI: -0.07–0.03, P-value = 0.373 after ad-
justment), or fear hits (mean difference = -0.01, 95% CI: -
0.05–0.03, P-value = 0.579 before adjustment; mean differ-
ence = -0.01, 95% CI: -0.05–0.02, P-value = 0.532 after ad-
justment) (Table 12).

In Table 13, the sensitivity index (d’) is shown for each
emotion (happy, sad, anger and fear, respectively) in each
condition (sham and iTBS). Tables 14 and 15 show the effect
of order of the sessions on each of the variables investigated
(happy, sad, anger and fear false alarms, and happy, sad, anger
and fear hits, respectively) irrespective of stimulation. Effects
of order can only be observed for anger false alarms (mean
difference = -1.00, 95% CI: -1.89 – -0.11, P-value = 0.028)
and fear hits (mean difference = 0.04, 95% CI: 0.002–0.07,
P-value = 0.037). Figures 4 and 5 depict the unadjusted means
per session for happy, sad, anger, and fear false alarms
(Fig. 4), and happy, sad, anger, and fear hits (Fig. 5) with their
respective standard deviations expressed as error bars.

Cambridge Gambling Task

Table 16 shows the mean and standard deviation for the win
and loss conditions, relative to the sham and iTBS conditions.
There was no evidence for an effect of stimulation on RA
score (Table 17) in either the win (mean difference = 0.16,

Table 10. Multilevel mixed-effects models unadjusted and adjusted, with happy, sad, anger and fear false alarms as dependent variables and
stimulation (iTBS/sham) as independent variables, sham condition as reference value (Emotion Recognition Task)

Unadjusted (N = 28) P Adjusted for confounders* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

Happy false alarms -1.64 -3.27 to -0.02 0.047 -1.64 -3.26 to -0.03 0.046

Sad false alarms 1.75 0.10 to 3.40 0.037 1.75 0.24 to 3.26 0.023

Anger false alarms 0.29 -0.72 to 1.29 0.577 0.32 -0.48 to 1.12 0.435

Fear false alarms 0.04 -0.82 to 0.89 0.935 0.05 -0.79 to 0.89 0.904

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, and baseline performance

Table 9. Means and standard deviation for happy, sad, anger and fear
false alarms relative to the sham and iTBS conditions, respectively
(Emotion Recognition Task)

Mean SD

Sham iTBS Sham iTBS

Happy false alarms 6.14 4.50 5.54 5.34

Sad false alarms 3.89 5.64 3.56 4.08

Anger false alarms 1.00 1.29 1.52 1.89

Fear false alarms 3.14 2.25 3.20 3.88

Table 11. Means and standard deviation for happy, sad, anger, and fear
hits relative to the sham and iTBS conditions, respectively (Emotion
Recognition Task)

Mean SD

Sham iTBS Sham iTBS

Happy hits 0.94 0.89 0.09 0.12

Sad hits 0.78 0.80 0.16 0.14

Anger hits 0.67 0.65 0.16 0.17

Fear hits 0.83 0.82 0.14 0.14
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95%CI: -0.35–0.68, P-value = 0.537 before adjustment; mean
difference = 0.16, 95% CI: -0.35–0.68, P-value = 0.537 after
adjustment) or the loss condition (mean difference = -0.21,
95%CI: -0.66–0.25, P-value = 0.372 before adjustment; mean
difference = -0.21, 95% CI: -0.65–0.24, P-value = 0.359 after
adjustment).

Table 18 depicts the effect of order of the sessions on each
of the variables investigated (win and loss) irrespective of
stimulation. No effects of order of session can be observed
for this task. Figure 6 shows the unadjusted means with stan-
dard deviation as error bars in each session for win and loss
conditions.

Discussion

iTBS over the left DLPFC influenced emotional word recall,
with more positive words recalled after iTBS than after sham
stimulation, in line with our prediction. However, it did not
affect negative words recalled, reaction time (RT) or accuracy
(Acc) in categorizing positive and negative words (ECAT).
Counter to our hypothesis, there was evidence to support that
iTBS led to an increased rate of miscategorization of ambig-
uous emotional faces as sad, relative to sham stimulation. Also
contrary to our predictions, fewer happy false alarms were
made for ambiguous faces, as well as fewer happy hits, fol-
lowing iTBS stimulation than sham. We found no evidence to
suggest that iTBS over the left DLPFC has any effect on anger
or fear false alarms, sad, anger or fear hits (ERT) or risk ad-
justment scores for the win and loss conditions (CGT).

Since iTBS appeared to change response bias in the ERT,
we further analysed this using signal detection, and found that
the probability of a hit as compared to a false alarm was above
chance in both sham and iTBS conditions. However, as can be
seen in Table 13, iTBS seems to slightly lower the d’ for each
of the four emotions, meaning that iTBS over the left DLPFC
appears to affects participants’ ability to accurately discrimi-
nate between emotional facial expressions, to some extent.

Overall, there was a partial confirmation of our hypothesis
that iTBS over the left DLPFC would affect the emotion pro-
cessing circuits that are also affected by monoaminergic
antidepressants.

To our knowledge, this is the first study to investigate the
effects of iTBS over the left DLPFC on three emotion pro-
cessing domains – emotional word recall and categorization,
emotion recognition in faces, and decision-making. Our re-
sults on the ECAT Word Task confirmed those of previous
studies examining recall of socially and self-relevant words
and its relation to depression (Harmer et al., 2009; Lewis et al.,
2017). We used tasks validated within a depressive and a
healthy population. We also followed appropriate methodol-
ogy for determining accurate location and intensity of iTBS
stimulation. Regarding the analysis, a multilevel mixed-
effects model ensures precision of estimates of effect. The
within-subject design allowed us to view effects at both the
individual and group level, while adjusting for potential con-
founders. Considering the experimental nature of this study,

Table 12. Multilevel mixed-effects models unadjusted and adjusted, with happy, sad, anger and fear hits as dependent variables and stimulations
(iTBS/sham) as independent variables, sham condition as reference value (Emotion Recognition Task)

Unadjusted (N = 28) P Adjusted for confounders* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

Happy hits -0.05 -0.08 to -0.02 0.001 -0.04 -0.07 to -0.01 0.008

Sad hits 0.02 -0.02 to 0.06 0.270 -0.003 -0.04 to 0.03 0.884

Anger hits -0.02 -0.07 to 0.03 0.478 -0.02 -0.07 to 0.03 0.373

Fear hits -0.01 -0.05 to 0.03 0.579 -0.01 -0.05 to 0.02 0.532

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, baseline performance, and happy and sad false alarms, respectively

Table 14. Adjusted* multilevel mixed-effects model with happy, sad,
anger and fear false alarms for ambiguous faces as dependent variables
and session (order) as independent variable, first session as reference
value (Emotional Categorization Word Task)

Mean difference 95% CI P

Happy false alarms -0.50 -2.19 to 1.19 0.564

Sad false alarms 0.16 -1.29 to 1.61 0.833

Anger false alarms -1.00 -1.89 to -0.11 0.028

Fear false alarms -0.28 -1.13 to 0.57 0.522

*Adjusted for stimulation, age, gender, education, hits, PHQ-9, and
GAD-7

Table 13. Sensitivity index (d′) calculated based on the proportion of
hits and of false alarms for happy, sad, anger and fear in the sham and
iTBS conditions, respectively (Emotion Recognition Task)

Sham iTBS

Happy 2.84 2.63

Sad 2.25 2.07

Anger 2.49 2.27

Fear 2.51 2.47
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as well as the randomization, we can be confident that we are
measuring the effects of iTBS on cognition.

Some limitations of our study merit comment. First, as
some participants were not native English speakers, they
may have had difficulty processing the meaning or structure
of some low-frequency words in ECAT. However, the within-
subjects design prevents this type of bias affecting the results.
Moreover, since we found an effect of iTBS on emotional
word recall, the design would appear to be robust against such
problems.

A second limitation is that, with the cross-over design, the
tasks would be anticipated in the second exposure, though
order effects were considered in the model, and adjusted for.
Naturally, some practice effects did occur for RT and word
recall. It appears that participants performed better in terms of
RT in the second session for categorizing both positive and
negative words, as compared to the first (baseline) and third.
However, they appeared to perform the worst in the third
session (trend can be observed in Fig. 2). They recalled the
most positive words in the second session, as compared to the
other two, while they recalled the least in the third session. For
negative word recall, it is reversed – the most recalled were in

the third session, while the least were in the second one (trend
can be observed in Fig. 1). Session order effects can be seen
for anger false alarms (trend observed in Fig. 4) and fear hits
(Fig. 5), but not the other variables, when controlled for stim-
ulation. This suggests that, as time progressed, participants
became better at identifying fearful faces, and less inclined
to have anger false alarms. Bentin and Moscovitch proposed
that practice effects are affected by “the type of stimulus, its
pre-experimental history, the level to which it is processed,
and the lag between the initial presentation and the test”
(1988). Indeed, the most interesting differences are seen be-
tween the baseline session and the second session of tasks,
which took place on the same day, while the third session,
as the iTBS stimulation protocol required, took place after at
least 3 days. Reeve and Lam (2005) observed measurement
invariance across repeated task administration, which is a po-
tential explanation for these effects of order observed only for
some variables, and not for others. Potential unexplained fac-
tors, unaccounted for by the experimenters, could have also
played a part in these order effects.

A third potential limitation is possible observer bias intro-
duced by the single-blind nature of the design; we made ef-
forts to limit this possibility using objective cognitive tests as
outcome measures. However, this represents an inherent lim-
itation of rTMS studies: the impossibility of double blinding,
as applying the stimulation requires knowledge of the proto-
cols. Fourth, the sample size (N = 28) was adequate, but rel-
atively small to detect subtle differences, which is evident in
the broad confidence intervals. As these intervals are quite
wide, our estimates have lower precision, but the within-
subject design affords greater statistical power than would
be achieved with between-subjects design with the same sam-
ple size.

We recorded PHQ-9 and GAD-7 scores before any type of
stimulation or task were administered, thus adjusting for base-
line psychopathology. The range of scores in our healthy

Table 15. Adjusted* multilevel mixed-effects model with happy, sad,
anger and fear hits as dependent variables and session (order) as indepen-
dent variable, first session as reference value (Emotional Categorization
Word Task)

Mean difference 95% CI P

Happy hits 0.01 -0.03 to 0.04 0.687

Sad hits 0.02 -0.02 to 0.05 0.299

Anger hits 0.02 -0.03 to 0.07 0.531

Fear hits 0.04 0.002 to 0.07 0.037

*Adjusted for stimulation, age, gender, education, false alarms, PHQ-9,
and GAD-7

Fig. 4 Unadjusted means for happy, sad, anger, and fear false alarms per session, with error bars representing mean standard deviation
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volunteer sample was narrow and in the normal range, al-
though future work should examine whether such scores
change after iTBS stimulation. Hence, a direct relationship
between iTBS, emotion processing tasks, and depression can-
not be established. Furthermore, direct inferences at the neuro-
physiological level cannot bemade on the action of iTBS in the
absence of neuroimaging or related methods. Further research
should try to address these issues by using a combination of
neuroimaging and behavioural methods in a clinical sample.

Conclusions and implications

iTBS over the left DLPFC influenced the recall of socially and
emotionally rewarding words, as participants recalled more
positive words after iTBS than after sham, with no difference
between conditions for negative words. This was consistent
with our hypothesis and with previous research involving a
clinical population (Lewis et al., 2017), as well as that involv-
ing antidepressant administration (Harmer et al., 2009), indi-
cating that iTBS over the left DLPFC might have a similar
mechanism of action to that of antidepressants, by increasing
positive affective bias in emotional word recall. No difference

could be seen between the stimulation conditions for reaction
time and accuracy to categorize positive and negative words,
meaning that iTBS only has an effect with regard to memory
(recall) for positive words, but not for categorization. This
finding, specifically with respect to memory for positive
words, is supported by Balconi and Cobelli’s research
(2015), where they found that left lateralized rTMS induces
a performance improvement in positive emotional words.
Additionally, left DLPFC activation via rTMS is believed to
enhance memory retrieval of emotional information (Balconi
& Ferrari, 2012b; Balconi & Cobelli, 2014), which further
confirms our findings regarding the ECAT recall of positive
words post-iTBS. The relevance of these findings lies in the
psychopathological realm, as memory for positive stimuli is
blunted by psychiatric disturbances, such as depression and
anxiety. A good example that looks particularly at stimulation
effects on memory for anxious people is a study by Balconi
and Ferrari (2013), who investigated the effects of rTMS over
the left DLPFC on memory in high and low anxiety partici-
pants, and found that high anxiety participants benefitted the
most from stimulation, as repeated stimulation improved their
performance with respect to both memory encoding and re-
trieval. Skrdlantová et al. also found that memory for words is
quite localized to the left prefrontal cortex, and that rTMS can
tap into that network (2005).

With respect to emotion recognition in faces, the findings
did not support our hypothesis. Overall, participants showed
reduced happy hits and happy false alarms, and increased sad
false alarms for ambiguous faces in the iTBS condition. This
finding was inconsistent with previous studies that found an-
tidepressants to increase recognition of positive faces (Harmer
et al., 2009), as well as other brain stimulation studies which
showed an improved affective processing of positive stimuli
(Baeken et al., 2011; Nitsche et al., 2012; Ozcan, Gica, &
Gulec, 2020). However, Balconi and Canavesio (2016) found

Table 16. Means and standard deviation for win and loss conditions
relative to the sham and iTBS conditions, respectively (Cambridge
Gambling Task)

Mean SD

Sham iTBS Sham iTBS

Win 1.95 2.12 1.26 1.26

Loss 2.31 2.10 0.93 1.12

Fig. 5 Unadjusted means for happy, sad, anger and fear hits per session, with error bars representing mean standard deviation
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a similar reduced performance regarding happy face recogni-
tion after TMS stimulation on the left DLPFC. There were no
effects found for anger and fear hits, nor for anger and fear
false alarms after iTBS as compared to sham stimulation. This
finding also contrasts with previous literature, as stimulation
of the DLPFC has been shown to have an effect on processing
of angry faces. Studies in which the left DLPFC was stimu-
lated have seen diminished engagement with angry faces (De
Raedt et al., 2010; Mondino, Thiffault, & Fecteau, 2015;
Moulier et al., 2016) associated with increased activity in oth-
er areas of the brain, such as the right DLPFC, the left
orbitofrontal cortex, and the dorsal anterior cingulate cortex.
For fearful faces, however, the literature suggests that there is
a general amplified response after inhibitory rTMS to the right
DLPFC (Zwanzger et al., 2014), not the left, as the right
DLPFC appears to modulate facial fear-specific reactions
(Ran et al., 2016). The dorsomedial PFC also seems to be
involved in this facial processing circuit, as rTMS seems to
worsen performance for angry and fearful faces (Balconi and
Bortolotti, 2012). It is possible, then, that iTBS to the left
DLPFC disrupts the circuitry involved in processing happy
and sad faces, while it does not particularly affect anger and
fearful face perception. A problem for interpretation is the
complexity regarding the neural correlates of emotional rec-
ognition in faces. Emotion recognition of faces appears to be
bilaterally distributed within the brain (Haxby et al., 2000),
with the amygdala becoming reactive upon viewing emotional
faces, while prefrontal regions are only involved when active-
ly identifying specific emotions (Adolphs, 2002). Moreover,
different neural systems are involved in the perception of dif-
ferent emotional expressions. For instance, a study found two
distinct neural substrates in response to sad and angry faces

(Blair et al., 1999), and another pinpointed distinct neuronal
response to happy and fearful emotion-expressing faces
(Kawasaki et al., 2001). Another study showed that TMS to
the medial-frontal cortex impairs the processing of angry faces
(Harmer et al., 2001). As such, it is possible that iTBS over the
left DLPFC might be tapping into different neural systems,
which may not yield a simple increase or decrease in emotion
recognition bias. Recent results from our work have also sug-
gested that the relationship between depression and facial
emotion recognition is somewhat more complex than some
of the previous research has suggested (i.e. Bone et al.,
2019). Further work exploring other neuromodulatory targets
might clarify the picture; however, we are still far from under-
standing the complexity involved in the processing of emo-
tional facial stimuli, which seems to be connected throughout
the brain, as opposed to being localized, as previously be-
lieved. For instance, Skrdlantová et al. (2005) found that left
prefrontal rTMS has a clear influence on words, but not faces,
suggesting that facial emotion processing is not localized to
the left prefrontal regions, but spread across multiple areas of
the brain. Consequently, accessing these connections would
require further research with fine-tuned methodology to create
a better understanding of facial emotion processing and
encoding circuitry.

Finally, we did not find any evidence that iTBS influenced
performance on the CGT. Recent unpublished work in a large
birth cohort did not find a relationship between CGT
performance and depressive symptoms in adolescence.
Perhaps different brain mechanisms are involved in
performance on the CGT. Tulviste and Bachmann (2018)
found that rTMS to the right DLPFC decreases risk-aversion,
so it is possible that the left DLPFC is not actively involved in
this pathway. Yang, Khalifa, and Völlm (2018a) found no
significant changes regarding impulsivity following excitatory
rTMS applied to the right inferior frontal gyrus. Later that
year, Yang et al. (2018b) published a paper on a similar ex-
periment as the present one, where they investigated iTBS
over the left DLPFC for impulsivity in healthy adult males,
and, like us, found no significant effect of iTBS on impulsivity
as captured by the CGT. These findings could indicate a dis-
tinct neural pathway for emotional decision-making when
stimulating the PFC. In contrast, Cho et al. (2010) compared

Table 17. Multilevel mixed-effects models unadjusted and adjusted, with win and loss conditions as dependent variables and stimulation (iTBS/sham)
independent variables, sham condition as reference value (Cambridge Gambling Task)

Unadjusted (N = 28) P Adjusted for confounders* (N = 28) P

Mean difference 95% CI Mean difference 95% CI

Win 0.16 -0.35 to 0.68 0.537 0.16 -0.35 to 0.68 0.537

Loss -0.21 -0.66 to 0.25 0.372 -0.21 -0.65 to 0.24 0.359

*Adjusted for age, gender, education, PHQ-9, GAD-7, session order, and baseline performance

Table 18. Adjusted* multilevel mixed-effects model with win and loss
as dependent variables and session (order) as independent variable, first
session as reference value (Cambridge Gambling Task)

Mean difference 95% CI P

Win -0.09 -0.61 to 0.43 0.726

Loss -0.27 -0.72 to 0.17 0.223

*Adjusted for stimulation, age, gender, education, PHQ-9, and GAD-7
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cTBS, iTBS, and sham over the right DLPFC, to find that
iTBS had no effect, and only cTBS modulated impulsivity.
Then, it could be argued that stimulation protocol is perhaps as
relevant as stimulated area in eliciting different responses with
respect to decision-making.

To conclude, iTBS is a time-efficient method of stimulat-
ing the brain, with great potential for timely treatment and
alleviation for symptoms of depression and other psychiatric
disorders. We have provided some evidence to support the
hypothesis that iTBS affects circuits involved in emotion pro-
cessing and these are the same processes that are affected by
antidepressant medication. Our findings do not support the
idea that emotion facial recognition can be influenced signif-
icantly by means of iTBS to the left DLPFC, suggesting that
emotion recognition for faces is not localized, and that the
literature so far is inconsistent on the neural pathways behind
it. Further studies performed in clinically depressed popula-
tions could bridge existing knowledge and aid in understand-
ing the mechanism of action for iTBS on depression, while
neuroimaging and physiological methods could help fill the
gaps regarding brain pathways and mechanisms, to ultimately
inform proper protocols for brain stimulation use. It is essen-
tial that we further investigate such topics, not only to improve
current research tools, but to uncover the underlying neural
circuitries, so that we can develop better treatment options and
build upon existing knowledge, in understanding the DLPFC-
rTMS relationship.
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