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ABSTRACT

In the study we verified the causal  role  of  the dorsolateral  prefrontal  cortex in  performing

reappraisal strategy of emotional control. Subjects underwent three sessions of inhibitory offline theta

burst TMS stimulation that was targeted at either left dorsolateral, right dorsolateral or vertex area.

During  the  experimental  task  they  were  asked  to  either  passively  watch  or  reappraise  affective

pictures. Efficacy of emotional control was quantified using the late positivity potential of the evoked

brain  responses.  After  both  left  and  right  dorsolateral  stimulation,  reappraisal  was  compromised

compared to the vertex session. Worsening of affective control was reflected in earlier but not later

time windows of the late positivity. It is suggested that inhibitory stimulation primarily affected top-

down mechanism of attentional deployment necessary to focus on the content of experimental stimuli

that enables elaboration of new, less negative interpretation of emotional content.



Introduction

It  is  commonly agreed that  inhibiting emotional  responses  using  a  wide range  of  affective

control strategies is generally initiated and controlled by the prefrontal cortex (PFC). Indeed, existing

data consistently point at engagement of PFC during both voluntary and automatic attempts to regulate

emotions  1–7.  Reappraisal,  which  is  a  class  of  emotion  regulation  (ER)  strategies based  on

reinterpretation of stimuli meaning, is typically used to down-regulate emotional responses to negative

stimuli.  As a  result,  negative feelings are  decreased along with central  and peripheral  markers  of

emotional processing 2,8. Reappraisal increases activations in several brain areas that can be considered

parts  of  the  regulatory network,  mainly  in  the  dorsolateral  (DLPFC)  and  the  ventrolateral  PFC

(VLPFC), but other regions, including the  supplementary motor area (SMA), the  dorsomedial PFC

(DMPFC),  and  the  anterior  cingulate  cortex  (ACC),  are  also  often  reported  2,3,5,9.  The  increased

DLPFC/VLPFC activations that are observed during efficient down-regulation with reappraisal tend to

be negatively correlated with the activity of brain regions associated with affective processing 9,10. This

effect is most consistently observed for the bilateral amygdala, while the ventral striatum and the left

anterior insula are also often reported in this context 2,11,12. Similarly, decreased activations can be seen

in sensory cortices, which indicates that affective control affects early, sensory and attentional stages

of information processing 13–15. Scores of self-report measures of emotional responding have also been

demonstrated to show a negative correlation with PFC activity 9. Importantly, in affective disorders the

pattern of activations described above is  often disturbed,  which suggests a problem with efficient

recruitment of regulatory mechanisms in patients 16,17. 

Existing data suggest that the DLPFC’s contribution to reappraisal covers multiple cognitive

domains.  Directing  attention  to  relevant  information  and  maintaining  and  manipulating  strategy-

relevant content held in working memory (WM) are considered especially important during the first

phase of reappraisal,  when a new interpretation is generated  1,6,18.  Other types of function that are

attributed to the DLPFC and are necessary to perform emotional regulation are essentially related to

cognitive control 19–21. They perform initiation of modulatory actions, maintenance of regulatory goals,

and supervision over the whole process 5,7,22,23. Last but not least, the DLPFC is claimed to be a source

of multidimensional top-down influences (both direct or indirect) towards numerous brain regions,

both cortical (including prefrontal,  anterior cingulate,  posterior attentional and visual areas)  24 and

subcortical (amygdala, ventral striatum) 12,25.

The DLPFC serves multiple crucial functions whilst being richly functionally connected. It is

not surprising that this region is widely acknowledged as playing a key role in reappraisal 26. However,

the evidence to support this claim is mostly correlational and hardly provides direct causal support.



Important experimental methods that allow the inference of causal properties of a brain region are

transcranial magnetic stimulation (TMS) or direct current (electric) stimulation (DCS), both of which

can either enhance or inhibit the activity of a selected region for minutes to hours following a single

administration 27. To our knowledge, only a few reports involving non-invasive brain stimulation have

been published in which the effects of DLPFC stimulation on reappraisal efficacy were assessed.  In

the study of 28 two targets were selected, DLPFC and VLPFC, to examine the impact of transcranial

DCS (tDCS) on reappraisal of negative pictures. However, contrary to the expectations, the DLPFC

stimulation showed no effect compared to the sham condition. Only VLPFC stimulation resulted in a

decrease of self-reported negativity of reappraised emotional pictures along with changes in cardiac

reactivity measured by interbeat interval (IBI). In another experiment, the right DLPFC and VLPFC

regions were stimulated using an offline  10Hz excitatory repetitive TMS  (rTMS) protocol  before

participants  were asked to  use reappraisal  to down-regulate their  emotional  responses to affective

social stimuli  29. The modulatory effects were quantified using  the  late positive potential (LPP; an

ERP marker of the depth of emotional responses) and self-report scores. Stimulation of either of the

areas brought an increase in ER efficacy compared to vertex stimulation. In another study, the right

DLPFC was excited using anodal tDCS, which resulted in decreased skin-conductance responses and

decreased emotional  arousal  ratings  during downregulation of  negative images when compared to

sham conditions  30. Finally, improved reappraisal efficacy along with cognitive control  performance

were reported after ten sessions of anodal (excitatory) tDCS targeted at the left DLPFC 31. However,

these results should be interpreted with caution as the effects were based on self-reports only and were

carried out in a group of bipolar disorder patients. The aforementioned studies are generally consistent

with theoretical expectations and supplement them with some causal argumentation; on the other hand,

they have some limitations that still need to be addressed, like the specific groups that were recruited 31

or the application of bi-hemispheric stimulation,  which simultaneously causes opposite effects for

each  hemisphere  (either  anodal/excitatory  on  the  left  and  cathodal/inhibitory  on  the  right  or  the

opposite side), which makes the interpretation of the findings in terms of hemispheric specialization

difficult. The latter issue remains important due to the well-known hemispheric differences of DLPFC

in emotional processing 32,33, but much less recognized in the domain of emotional regulation.

Due to the scarcity of existing reports that can directly support the causal role of the DLPFC and

consider hemispheric differences in the down-regulating of emotions by reappraisal, we designed this

study to provide more data on this issue. We intended to observe the effects of  a focal continuous

Theta Burst Stimulation (cTBS) protocol delivered on either the left or right DLPFC on the efficiency

of emotional downregulation in a classic reappraisal paradigm with presentation of affective pictures.

cTBS  was chosen  because  of  its  predominant  inhibitory  impact  on  cognitive  performance  when

applied to  the DLPFC  34.  Specifically,  we  aimed to assess  the  effects  after  separate  left  or  right

inhibition of the DLPFC in order to compare these conditions with control (vertex) stimulation in

healthy participants.  The reappraisal  condition was limited to  downregulation only as this can be



considered more ecologically valid and more closely related to everyday psychological functioning.

Emotional responses were quantified using the Late Positive Potential (LPP) component, one of the

best-validated EEG markers of emotional responding and regulation 35, which was supplemented with

self-reports on the emotionality of the presented pictures.

As an experimental check, we expected to see the typical effect of reappraisal after the sham

stimulation reflected in decreased LPP response and more positive subjective ratings after negative

stimuli  in  reappraisal  conditions.  The  main  hypothesized  experimental  effect  would  be  seen  as

decreased efficacy of reappraisal after inhibitory stimulation of either the L or R DLPFC compared to

the sham condition. We expected this to be a lack of attenuation of LPP responses after the reappraisal

of negative images. Additionally, some exploratory comparisons between the conditions of left and

right inhibition of the DLPFC were planned, as the current literature data were insufficient to draw

more directional hypotheses. Finally, as reports of more general alterations in bottom-up perceptual

processes after rTMS stimulation of DLPFC are present in the literature 33, we could not rule out that

such a nonspecific influence also affects LPP amplitudes in the passive watching trials. Therefore,

such effects were also checked.

Results

Behavioral data

Fig. 1 shows the behavioral data results. Due to a technical issue, behavioral data from one TMS

session were lost from one subject. Comparison of the NEG-WATCH and NEU-WATCH conditions

revealed that participants reported more negative emotions when watching negative versus neutral

pictures in the V session:  t(22) = -6.97,  p < 0.0001;  pFDR  = 0.0001. As expected, comparison of the

NEG-REAP vs. NEG-WATCH conditions in the V session revealed that participants reported less

negative emotions in the reappraisal compared to the watch condition: t(22) = -3.62, p < 0.002; pFDR =

0.006. Importantly, self-reported negative emotions did not differ as a function of session in the NEU-

WATCH condition.  This indicates that  TMS did not  affect  emotional  perception.  Contrary to our

predictions, comparison of differences in valence ratings (NEG-WATCH minus NEG-REAP) revealed

no effect of TMS session.



EEG data

Manipulation check

Our  reappraisal  manipulation  was  shown  to  be  successful  as  a  significantly  lower  LPP

amplitude in NEG-REAP trials compared to NEG-WATCH trials in the V session was observed in the

LPP2 time window over the CPz (t(24) = -2.349;  p < 0.027;  pFDR < 0.04) and POz (t(24) = 2.823;

p < 0.009; pFDR=0.03) electrodes, and over POz electrode in the LPP3 (t(24) = 2.561; p < 0.017; pFDR <

0.05) and LPP4 (t(24) = 2.031; p < 0.053; pFDR < 0.15) time windows. However, the modulation in the

latter time window did not survive the FDR correction and. No reappraisal effect was detected in the

earliest LPP1 window.

The effect of TMS session on passive watching trials

Data analysis revealed that TMS did not influence basic perceptual processes as there were no

effects of the TMS session on the WATCH-NEG or WATCH-NEU waveforms for any considered

electrode and time window. 

Figure 1



The detrimental effect of DLPFC inhibition on reappraisal efficacy

Confirming  the  main  experimental  hypothesis,  comparison  of  NEG-WATCH  minus  NEG-

REAP LPP amplitude differences between left/right DLPFC versus vertex TMS sessions demonstrated

that  inhibition  of  the  right  DLPFC,  disrupted  reappraisal-induced  down-regulation  of  the  LPP

amplitude over the fronto-central and centro-parietal midline sites for the LPP2 (FCz: t(49.5) = 2.26; p

< 0.028; pFDR < 0.028; CPz: t(50.2) = 2.56;  p < 0.013; pFDR  < 0.019) and LPP3 time-windows (FCz:

t(48.1) = 2.43; p < 0.019; pFDR < 0.045; CPz: t(50.0) = 2.23; p < 0.030; pFDR < 0.045). Additionally, in

the earliest  LPP1 time window,  marginally  significant  effects  were observed at  the fronto-central

electrodes (FCz: t(49.4) = 1.99; p < 0.05; pFDR < 0.10; CPz: t(49.0) = 2.32, p < 0.02, pFDR < 0.07) for the

R  session,  but  it  was  considered  beyond  the  significance  threshold  after  the  FDR  correction.

Interestingly, inhibition of the left DLPFC disrupted reappraisal-induced modulation more posteriorly:

over  the  centro-parietal  (CPz:  t(49.5) = 2.03;  p < 0.046;  pFDR < 0.06)  and  parieto-occipital  (POz:

t(4.91) = 2.20; p < 0.032; pFDR < 0.06) electrodes in the LPP2 time window. However this modulation

was only marginally significant after the FDR correction. In the LPP3 window, a close-to-significance

effect  was  detected  over  the  POz  electrode,  but  this  effect  did  not  survive  FDR  correction

(t(48.3) = 1.95;  p < 0.056;  pFDR < 0.15).  No  effects  of  right  or  left  DLPFC  stimulation  on  LPP

amplitude  difference  between  WATCH-NEG  and  REAP-NEG trials  were  seen  in  the  late  LPP4

window. The EEG results are shown in Tab 1.



Figure 2
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Discussion

The  study  explored  the  effects  of  cTBS  on  either  left  or  right  DLPFC  on  reappraisal

effectiveness. It was intended to verify whether inhibiting these areas compromises affective down-

regulation,  thus  supporting  a  causal  role  of  the  DLPFC  in  reappraisal  strategies.  Firstly,  as  an

experimental check, reappraisal effects were verified using EEG and behavioral data from the control

(vertex)  session.  As  expected,  during  reappraisal  of  negative  images,  the  amplitude  of  the  LPP

component was decreased compared to the passive watching condition. Specifically, the effects were

observed over centro-parietal and parieto-occipital electrode sites in the mid-early window, while at

the parieto-occipital sites in the later time windows. Down-regulation of electrocortical responses was

accompanied  by  a  decrease  in  self-reported  negative  experience  following  reappraisal.  Before

determining the effects of cTBS/TMS on reappraisal efficiency, we verified whether the TMS affected

basic perceptual processes and emotional responses in passive viewing conditions. This is important

for  the  interpretation  of  the  results  regarding  the  main  experimental  hypothesis  as  it  allows  to

determine whether emotion regulation effects are not partly driven by general alterations in perceptual

processing. As the data analysis did not prove any influence of the TMS on the LPP component during

passive watching conditions, we could assume that emotional perception remained relatively intact, at

least regarding late evoked brain responses. 

Primarily, our results confirmed the main experimental hypothesis: the inhibitory stimulation at

both sides  of  the DLPFC resulted in  decreased efficiency of  reappraisal  compared to  the control

(vertex)  session.  This  effect  was  reflected  in  smaller  differences  of  LPP  amplitudes  between

reappraisal and watch trials after either right or left DLPFC inhibition compared to the control session.

In  other  words,  inhibition  of  the  DLPFC resulted  in  impairment  of  affective  down-regulation,  as

indicated by a lack of LPP attenuation in the reappraisal condition. As the difference between NEG-

WATCH and NEG-REAP conditions was considered, we can conclude that this effect was driven by

enhanced emotional processing of negative images during reappraisal rather than changes in basic

perceptual  processing,  despite  the stimuli  valence.  Our  results  replicate  the findings of  Zhao and

colleagues  29,  who  demonstrated  the  enhancement  of  reappraisal  effects  after  excitatory  TMS

stimulation applied  over  the  right  DLPFC.  Importantly,  our  results  also  extend these  findings by

showing that reappraisal can be impaired after inhibitory stimulation of the left DLPFC.

Interestingly, inhibition of the left DLPFC resulted in  weaker disruption of reappraisal effects

than  inhibition  of  the  right  DLPFC.  The  stimulation  of  the  left  and  right  DLPFC  also  affected

reappraisal  at  different  electrode  sites,  which  was  observed  more  posteriorly  or  more  frontally,

respectively.  Although interpretation  of  this  different  scalp  distribution  can  be  challenging,  some

studies suggested distinct processes indexed by frontal and centro-parietal LPPs. While the centro-

parietal LPP seems to reflect motivated attention or subjectively perceived stimulus significance 36, the



fronto-central  LPP  has  been  suggested  to  reflect  enhanced  attentional  control  processing  37,38 or

increased cognitive effort 39 during reappraisal. Accordingly, it is possible that inhibition of the right

and  left  DLPFC  impacted  the  divergent  cognitive  processes  that  are  necessary  for  the  efficient

execution  of  this  strategy.  Speculatively,  given  the  engagement  of  the  left  DLPFC  in  linguistic

processing 40, its inhibition could have impacted semantic elaboration, whereas inhibition of the right

DLPFC could have compromised the attention allocation processes necessary for efficient reappraisal.

This latter interpretation seems to be consistent with a study by Zwanzger and colleagues  33 which

revealed  enhanced  attentional  processing  of  task-relevant emotional  stimuli  after  inhibitory

stimulation  to  the  right  DLPFC.  It  is  also  in  agreement  with  the  data  on  the  effects  of  DLPFC

stimulation on bottom-up attention, which demonstrated that inhibition of the right (but usually not the

left) DLPFC amplifies attentional processing of negative stimuli that are task-irrelevant (i.e. serve as

distractors to another task) 32,41. Nonetheless, the above speculation about the different processes that

were affected by the TMS in our study should be treated with caution and could serve as an interesting

direction for future studies rather than a warranted conclusion.

High temporal resolution of EEG recording enables us to comment on specific processes that

were  putatively  disturbed  by  the  TMS.  To  do  so,  we  will  now briefly  consider  the  consecutive

processes  that  underlie  the  successful  implementation  of  reappraisal.  One  of  the  important

prerequisites  involves  directing attention  to  important  features  of  the examined scene in  order  to

understand and semantically elaborate its meaning. After the stimulus is appraised, its initial negative

interpretation must be maintained in working memory (WM). This interpretation can be then used as a

template for the construction of an alternative, more neutral interpretation of the depicted scene. After

the alternative reinterpretation is prepared, it must be implemented and its effectiveness tested. Thus,

the  following  reappraisal  stages  involve  (a  potentially  iterative  process  of)  implementation  and

monitoring the effectiveness of the constructed re-interpretation(s). Finally, if the newly constructed

interpretation  is  efficient  at  down-regulating  negative  experience,  one  must  inhibit  the  initial

interpretation to complete the reappraisal task successfully.  

Although some session differences were already emerging in the earliest LPP1 time window,

this should be treated with caution, as these effect did not reach the corrected significance threshold

(see Fig. 2). Our analysis revealed that TMS mostly influenced the mid-early stages of reappraisal,

while  at  the  later  stages  the  stimulation  effects  were  again  reduced  (CPz,  POz)  or  disappeared

completely (FCz). These observations, along with the significant effects in the middle time windows

(800 to 1500 ms), imply that TMS interfered with early/middle-latency reappraisal stages. Given the

relatively early onset of the session effects, we suggest that a possible sub-function that was affected

was top-down attention control.  Our indication is supported by several pieces of evidence. Firstly,

DLPFC remains active during both reappraisal and distraction emotional-regulation strategies, both of

which involve specific requirements for attentional deployment: while reappraisal requires directing

attention toward the affective content, distraction involves diverting attention away from the emotional



scene, despite bottom-up attraction by high-arousal content 42. Secondly, the functional significance of

early LPP (up to approximately 1000 ms) is  associated with attention allocation,  while later  time

windows are more often linked with memory and reinterpretation stages 38. Thus, the TMS effect could

be interpreted as a disturbance in the efficient allocation of top-down attention to the presented stimuli

that is necessary to process the presented scene in order to understand its meaning, and prepare a new,

less negative interpretation. Finally, this interpretation is further supported by the results of Vierheilig

and colleagues 43, who observed specific attentional task-related enhancement of LPP amplitude after

right anodal (excitatory) tDCS of the DLPFC, but more general modulation of emotional perception

during a passive viewing task was not observed. 

The role of working memory (WM) processes in the interpretation of our results requires some

consideration.  It  is  engaged during  both  early  and  late  stages,  however  the  WM load seemingly

increases in the later phase due to the maintenance of new interpretation that has to neutralize stimulus

negativity  44.  Indeed,  the relationships  between WM efficiency and reappraisal  success have been

reported  45,46.  As our effects of TMS diminished in the later LPP time windows, the interpretation

which indicates the disruption of WM seems less plausible. However, taking into account that the

DLPFC is a widely established neural substrate for WM 47 and that reappraisal consistently activates

brain regions implicated in the WM  2,9,  we encourage future studies to design an experiment that

would be optimized to disentangle the unique contribution of this region to reappraisal efficacy.

Despite the observed modulation of electrocortical responses after TMS, we failed to observe

the effects of session at the behavioral level. A possible reason for this discrepancy is that the effects

of stimulation could have been too subtle to be detected at the subjective experience level. Although

the  impact  of  affective  downregulation  on  self-report  is  widely  reported  in  typical  reappraisal

procedures, it is often not observed in paradigms where the modulatory goal is implicit and remains

undisclosed. In such cases, similarly to our data, self-report ratings tend not to differ even though brain

markers or physiological markers show attenuation of affective processing 7,48,49. Additionally, it has

been reported that even vertex stimulation that is often considered as a control condition can impact

the estimation of affective stimuli, which raises further doubts regarding the reliability of the first-

person methods in our (and similar) procedures 50. 

To summarize, our study showed that selective inhibition of either the left or right DLPFC can

disrupt reappraisal efficacy, as evidenced by the reduced attenuation of LPP responses to negative

pictures in the reappraisal versus passive watch condition. Our study offers a novel contribution by

demonstrating that stimulation of not only the right but also the left DLPFC can impact reappraisal,

starting from its  earlier  stages.  We point  at  attentional  deployment  as a potential  source of these

disturbances. Moreover, our results tentatively suggest that inhibition of the left  and right DLPFC

might bring about distinct  effects,  thus implicating the disruption of different cognitive processes.

However, this possibility warrants further investigation and replication. 



Finally,  some  advantages  and  possible  drawbacks  of  our  design  should  be  discussed.  The

paradigm used here  was based on inhibiting rather  than boosting a  single  neural  area during the

performance  of  a  specific  cognitive  task.  As  such,  it  could  be  conducted  on  group  of  healthy

participants, thus allowing for an interpretation of results that is similar to well-controlled temporary

‘loss of function’ or lesion studies,  which enable more straightforward interpretation of results  51.

Moreover, contrary to the majority of previous studies, we used a repeated-measures design, which

provided us with higher power to detect even subtle stimulation effects. Regarding the limitations, it

should be remembered that although TMS allows for the selective disruption of activity in a unilateral

brain region, if the specific cognitive function is distributed bilaterally, the remaining neural activity

can potentially ‘take over’ and account for the less-pronounced activation in its mirror structure. As

meta-analytic results suggest the bilateral involvement of the DLPFC in reappraisal, this might be one

of the reasons why our effects were limited to early/middle-latency time windows and why some of

the effects  were only marginally  significant.  Also,  although we tested a  moderate  size  sample of

participants  in  our  study,  our  sample  size  did  not  deviate  significantly  from  those  used  in  the

TMS/tDCS studies mentioned previously. Finally, we used the same pictorial stimuli throughout all

three  TMS  sessions.  Although  this  design  choice  facilitated  between-session  comparison  and

controlling for both low- and high-level stimulus features, it also ran the risk of observing weaker

emotion-induction effects (or stronger emotion regulation effects)  due to repeated exposure to the

same images. Finally, our choice of TMS targets, although based on meta-analytical works, could not

fully cover the spatial extent of the DLPFC areas reported in the reappraisal literature. Thus, we advise

future studies to replicate our findings, especially exploring slightly modified targets and differently

designed stimuli material.

Materials and methods

Participants

The experimental  procedure  was  compliant  with  the  directives  of  the  Helsinki  Declaration

(1975, revised 2000) and was approved by the The Jagiellonian University Institute of Psychology

Research  Ethics  Committee.  Informed  consent  was  obtained  from  all  participants.  26  volunteers

participated in the study (mean age 25.4, SD 3.5; 15 females, 10 males, 1 other gender). A similar

sample size was used in previous studies that investigated the effect of TMS stimulation on emotion

regulation 29. Data from two subjects were discarded due to technical malfunctions during recording.

The reimbursement paid was €40. 



Pictorial material

A total of 90 pictures were selected from the Nencki Affective Pictures System (NAPS) 52 and

the International Affective Picture System (IAPS) 53: 45 were neutral (food, landscapes, households,

neutral  animals,  people  in  daily  activities)  and  90  were  negative  (disgusting  food,  sad  people,

accidents, violent images, animal mutilations, surgical procedures). We attempted to match unpleasant

and neutral stimuli in terms of both color content and complexity (e.g., number of faces, number of

body parts, etc.). Normative ratings of the pictures (pulled from normalized NAPS and IAPS values)

were as follows: for neutral pictures, mean valence 4.99; SD 1.07, mean arousal 4.94; SD 1.13; for

negative pictures, mean valence 2.89, SD 1.29, mean arousal 6.93; SD 1.42. The neutral and negative

sets differed in their normative ratings of valence and arousal (p < 0.01). Another 21 negative pictures

were selected to enable reappraisal training before the experimental session. To facilitate comparisons,

the same pictures were used for each TMS session, but it was ensured that negative stimuli were

always associated with the same (either WATCH or REAP) instruction.

Behavioral Procedure

An overview of an experimental session is provided in Fig. 3. The study applied a reappraisal

paradigm and stimuli  presentation  timing similar  to  Ochsner  et  al.  54.  All  except  one  participant

underwent three rTMS sessions on separate days in counterbalanced order, with either left DLPFC,

right DLPFC or sham (vertex) stimulation, further referred to as L, R, V sessions, respectively. A

single experimental session lasted for ~60-80 mins, of which ~25 min was the experimental task itself

(the first session was longer, as it included determination of individual RMT; see TMS procedure).

Upon arrival, a brief description of the procedure and TMS stimulation was provided and participants

were asked to give informed consent and complete a qualification safety questionnaire. Before the

initial experimental session, participants underwent reappraisal training. As reappraisal is an attention

engagement strategy  55, we used situation-focused reappraisal to distinguish it from other strategies

that involve attention disengagement 54,56. Using sample stimuli, participants were taught to find and

apply  new interpretations  of  emotional  scenes  that  were  related  to  more  positive  outcomes.  The

subjects' ability to reappraise according to the instructions was verified by the experimenter. Directly

before the experimental task, subjects underwent a TMS stimulatory session. The task was presented

in full-screen mode on an LED screen (62 cm diameter, viewing distance of 60 cm approx). The task

consisted of 90 trials in pseudo-randomized order, with a half-minute break after the 30th and 60th

presentation. Each trial started with the presentation of a cue (3 sec) that could be either 'WATCH' or

'REAPPRAISE', which meant passively watching pictures vs using the previously trained reappraisal

strategy, respectively. Then a fixation cross was shown (2 sec), followed by a picture (2.5 sec). Trials

concluded with  the  subjective  rating  of  the  negative  affective  experience  on  a  continuous  visual

analogue scale (until response); this was followed by a blank screen before the next trial (3 sec) (Fig.



3B). Summarizing the design of the experiment, there were 3 conditions (depending on picture valence

and instruction cue, i.e. NEU-WATCH, NEG-WATCH, NEG-REAP) and 3 TMS sessions (L, R, V). 

TMS Procedure

Biphasic TMS (~ 400 µs) was delivered with a Magstim Super Rapid2 Plus1 stimulator using a

70 mm figure-of-eight air-cooled Double Air Film Coil. For the purpose of resting motor threshold

(RMT) estimation, the electromyographic signal was recorded with a Brainsight unit from the first
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dorsal interosseous (FDI) muscle of the right index finger during the motor threshold (MT) estimation.

In the first experimental session, the individual RMT was estimated. Stimulation started from applying

30%  of  MSO  single-pulse  TMS  to  the  left  primary  motor  cortex  and  adjusting  the  stimulation

intensity. Then, by varying the stimulation intensity, the site where the suprathreshold TMS induced

the maximal twitch in the right index FDI muscle was established. Subsequently, the lowest intensity

that resulted in a motor-evoked potential (MEP) of more than 50 μV peak-to-peak amplitude in 5 out

of 10 consecutive trials was determined. The stimulation sites were localized with the Brainsight 2.3

neuronavigation  software  (Rogue  Research  Inc.)  using  individual  structural  MRI  images.  Each

participant’s brain was transformed into standard MNI space using Brainsight software. Depending on

the session, TMS was applied to either the left DLPFC (middle frontal gyrus; MNI coordinates: 51,

15, 48; L session), the right DLPFC (middle frontal gyrus; -33, 3, 54; R session), or vertex (0, -28, 90),

with  the  coil  handle  pointing  backward.  The  DLPFC  stimulation  sites  were  selected  based  on

reappraisal meta analysis of 2. The site of stimulation and the tangential position of the coil in relation

to the scalp were ensured by using the neuronavigation system. Throughout the RMT determination

procedure and subsequent application of cTBS to the DLPFC, the coil was held at a 45° angle off the

midline, with the handle pointing down, while for the vertex stimulation the coil remained untitled.

The current induced in the brain was PA–AP. During the cTBS stimulation, participants kept their

eyes open. The cTBS protocol had a conventional pattern and duration, i.e. 3-pulse bursts at 50 Hz

were applied at 5 Hz for 40 seconds 57. The cTBS was delivered at 80% of the individual RMT and the

average intensity equalled 61.1% (SD 12.2) of the maximal stimulator output (MSO). Participants

wore earplugs for noise protection throughout the duration of TMS.

EEG recording and analysis

The EEG signal  was recorded using a  BiosemiTwo device and a  set  of  64 cap electrodes,

supplemented by two mastoid and four oculomotor electrodes. Data from two participants had to be

discarded due to technical problems that arose during the procedure. The EEG signal was processed

using FieldTrip-based custom routines.  The following steps  were applied:  reference to  the linked

mastoid; 0.2 Hz high-pass and 46 Hz low-pass filtering; bad channel screening using trimmed variance

extreme  values;  eye-movement  correction  with  the  recursive  least  square  (RLS)  method  58;

segmentation relative to stimulus onset in the -0.1 to 2.5 sec window; baseline correction using the

prestimulus period;  either interpolation of bad channels or whole trial  removal (depending on the

number  of  electrodes  affected).  Range  (100  µV  threshold),  excess  variance  or  muscle  signal

contamination  (detected  by  spectral  power  value  for  frequencies  >35  Hz)  artifacts  were  finally

removed, and the remaining trials (78.9 on average) were averaged across conditions. LPP magnitude

was quantified as the average value within the following time windows (LPP1: 600-800 ms, LPP2:

800-1200 ms, LPP3: 1200-1500 ms, LPP4: 1500-2500 ms), which were selected based on examination

of a collapsed localizer (i.e., a grand average waveform collapsed across conditions)  59. As previous



studies  have  localized  reappraisal  effects  over  fronto-central,  centro-parietal  and  parieto-occipital

regions, mean LPP amplitudes were measured from electrodes FCz, CPz, POz.

Statistical analysis

Statistical analyses were performed by fitting a series of linear mixed-effects (LME) models

using the lme4 package, and the lmerTest library was used to estimate related p-values. Each model

included  condition  as  a  fixed  effect  and  a  participant-specific  intercept.  Resulted  p-values  were

subjected to additional False Discovery Rate (FDR) correction. LME modeling was used to account

for missing data, while the lmerTest package applied the Satterthwaite method for estimating degrees

of freedom.

As a manipulation check for emotional regulation, we compared NEG-REAP vs. NEG-WATCH

data in the V session, which was considered a session without any DLPFC stimulation. To further

verify that  the TMS stimulation did not  alter  perceptual  processes  per se,  which would affect  the

interpretation of the results, we also determined the effect of the stimulatory session on the NEU-

WATCH waveforms. Moreover, to determine whether emotional responding itself could be affected

by stimulation, we checked the effect of session on NEG-WATCH LPP amplitudes, which reflects the

overall  amount  of  resources  captured by the processing of  emotional  stimuli  and the intensity  of

emotional response. Crucially,  to verify that  the TMS stimulation affected emotion regulation,  we

compared  the  session’s  effect  on  the  difference  between the  NEG-REAP and the  NEG-WATCH

conditions. We considered the differences between the watch and reappraisal conditions instead of

absolute LPP amplitudes to minimize the possible confounding effects of  more general post-TMS

alterations of perceptual or emotional processing that could still be present, even when not detected by

previously described tests.
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Figure Legends

• Figure 1. Results of valence ratings.  Note.  Valence Rating (0 = neutral,  10 = unpleasant).

NEG-REAP  =  negative-reappraisal;  NEG-WATCH  =  negative-watch;  NEU-WATCH  =

neutral-watch.

• Figure 2.  ERP plots for the NEG-WATCH condition depending on the session.

• Figure 3. The experimental procedure. Note. A. Overview of a single experimental session. B.

Sample trial sequence.

Tables

Table 1. Statistics for the LPP component

time window electrode t df p pFDR

NEG-WATCH vs NEG-REAP (V session)

LPP2 (800-1200 ms) CPz 2.35 24 0.03 0.04

POz 2.82 24 0.01 0.03

LPP3 (1200 -1500 ms) POz 2.56 24 0.02 0.05

LPP4 (1500-2500 ms) POz 2.03 24 0.05 0.15 (ns)



NEG-WATCH - NEG-REAP (V vs R session)

LPP1 (500-800 ms) FCz 1.99 49.4 0.05 0.10 (ns)

CPz 2.32 49.0 0.02 0.07 (ns)

LPP2 (800-1200 ms) FCz 2.26 49.5 0.03 0.03

CPz 2.56 50.2 0.01 0.02

LPP3 (1200 -1500 ms) FCz 2.43 48.1 0.02 0.04

CPz 2.23 50.0 0.03 0.04

NEG-WATCH - NEG-REAP (V vs L session)

LPP2 (800-1200 ms) CPz 2.03 49.5 0.05 0.06 (ns)

POz 2.20 49.1 0.03 0.06 (ns)

LPP3 (1200 -1500 ms) POz 1.95 48.3 0.05 0.15 (ns)


