
1SCieNtifiC Reports |  (2018) 8:15295  | DOI:10.1038/s41598-018-33711-5

www.nature.com/scientificreports

Ventrolateral but not Dorsolateral 
Prefrontal Cortex tDCS effectively 
impact emotion reappraisal – 
effects on Emotional Experience 
and Interbeat Interval
Lucas M. Marques   , Letícia Y. N. Morello & Paulo S. Boggio

Emotions can be understood as behavioral, physiological, and subjective individual’s alteration due to 
a given situation. Several times, an efficient regulation of these emotions can promote psychological 
and social survival. It has been demonstrated that the Prefrontal Cortex (PFC) presents a relevant 
role in cognitive control, especially during emotion regulation strategies. However, evidence for the 
role of the PFC and emotional regulation comes mostly from neuroimaging experiments lacking from 
causal information. Transcranial Direct Current Stimulation (tDCS) has been shown to be an efficient 
noninvasive neuromodulation technique capable to address causal hypothesis. The aim of this study 
was to investigate the role of two regions of the PFC (Dorsolateral and Ventrolateral region) on different 
strategies of emotional reappraisal during the observation of negative images. 180 undergraduate 
students (mean age 21,75 ± 3,38) participated in this study, divided in two experiments (Dorsolateral 
PFC - n = 90; Ventrolateral PFC - n = 90). As not expected, DLPFC tDCS did not modulate the responses 
on the emotional regulation task. However, VLPFC tDCS resulted in less negative valence of negative 
images as well as decreased cardiac interbeat interval on earlier moments of emotional processing. 
These findings supports the general view about the role of the PFC on emotional regulation and, at the 
same time, advances the field by providing evidence that evaluation of negative stimuli is much more 
based on the VLPFC than on the DLPCF.

Among its most diverse definitions, emotion can be understood as a physiological alteration and/or a cognitive 
process which drives the individual towards an action important for one’s survival1. Typically, efficient emotional 
regulation allows for healthy adaptation to one’s social and emotional environment2. As such, multiple strategies 
for emotional regulation have been investigated and developed, such as cognitive reappraisal3, which is charac-
terised by a process of reappraisal of the cognitive label given to a specific stimulus, stimulating the exacerbation/
approach (up-regulation) or attenuation/avoidance (down-regulation) of an emotional effect.

In parallel, with the development of novel methods in neuroscience, we have gained a greater understanding 
about the function of cortical and subcortical structures during emotional regulation4. Beyond the involvement 
of cerebral structures such as the insular cortex and the amygdala5, the cognitive reappraisal of emotional stimuli 
recruits cortical structures such as the anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC) 
and the ventrolateral prefrontal cortex (VLPFC) (for a review, see Kalisch6 and Buhle et al.7). Even so, there is 
much to be learned about the specific role played by each cortical region in cognitive reappraisal; a research topic 
that might advance by using neuromodulation.

Among the main techniques of neuromodulation, Transcranial Direct Current Stimulation (tDCS) has been 
shown to be an effective non-invasive technique for research conducted with both healthy8 and clinical subjects9 
in the domain of social cognition10. The technique is based on the application of a continuous, low-intensity 
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electrical current, where one typically observes patterns of excitatory/inhibitory modulation in the cortical 
regions immediately below the positioned electrodes, depending on the polarity used11.

Until recently, few studies have sought to understand the effect of tDCS during emotional regulation. One of 
these is a recent study by12, which showed that anodal tDCS to the right DLPFC resulted in a significant increase 
in subjects’ capacity for cognitive reappraisal as compared to a sham condition, both in terms of the up-regulation 
as well as the down-regulation of the current emotion, indicating a distinct role of the DLPFC in the cognitive 
control of emotion. However, this study applied anodal stimulation to the right hemisphere only and did not 
employ an experimental design which allowed for the simultaneous investigation of the function of both hem-
ispheres in this cortical region. Concomitantly, a more recent study by13 showed that anodal tDCS to the right 
DLPFC but not the left, is correlated with a greater cognitive control during emotional regulation, mainly with 
negative emotional images. These findings are consistent with another recent study by14, in which the authors 
showed an effective role of the right DLPFC in the control of the emotional impact from negatively valent videos 
about pain. It is important to emphasize that these tDCS findings are also in line with TMS findings (for a review, 
see Lantrip et al.15), reinforcing the importance of these PFC regions in the emotional control.

In parallel, other studies have sought to understand the role of the VLPFC in emotional regulation. A study 
by16 showed that anodal tDCS to the right VLPFC during a social ostracism task can reduce subjects’ self-reported 
feelings of discomfort and pain, when compared to the results from the sham group. More recently, the same 
group showed that subjects receiving anodal tDCS to the right VLPFC in the same experimental paradigm 
reported lower levels of aggression17. Taken together, these studies suggest that the DLPFC and VLPFC exert a 
similar effect on processes of emotional control, albeit in different ways. Nevertheless, it is important to monitor 
the effect of the simultaneous neuromodulation of both cerebral hemispheres and of both regions during the 
performance of tasks of emotional control.

As such, the current study sought to investigate the role of the prefrontal cortex in different strategies of cog-
nitive reappraisal, specifically the role of inter-hemispheric modulation of the DLPFC and VLPFC. To this end, 
two experiments were conducted using tDCS during cognitive reappraisal by healthy subjects, with Experiment 
1 investigating the DLPFC and Experiment 2 investigating the VLPFC.

Experiment 1 – DLPFC tDCS
Materials and Methods.  Participants.  90 university students participated in the experiment. The criteria 
for inclusion were: (i) no reported neurological, psychiatric or severe psychological impairments; (ii) right-hand-
edness; (iii) aged between 18 and 35; and (iv) no use of medication affecting the central nervous system. A 
between-subjects design was employed, controlling for possible practice effects in the task of cognitive reap-
praisal. The study was approved by the Institutional Review Board of the Mackenzie Presbyterian University and 
by the National Ethics committee (SISNEP, Brazil), all participants provided written informed consent, and all 
experiments were performed in accordance with relevant guidelines and regulations.

Experimental Procedure.  The participants were initially tested on the Edinburgh Handedness Inventory18, 
the Emotion Regulation Questionnaire (ERQ), with both subcomponents, the ERQ-CR and ERQ-S (Cognitive 
Reappraisal and Suppression, respectively19), and both Beck inventories (the BAI and BDI20). Furthermore, par-
ticipants also completed the Positive and Negative Affect Scale (PANAS21). After the completion of all ques-
tionnaires, the sites for electrode positions were cleaned with ethanol solution, followed by the placement of 
electrocardiographic electrodes (ECG) electrodes. After this stage tDCS montage was initiated, with the corre-
sponding steps of measurement, positioning and fade-in. After that, participants were briefed on the experimen-
tal task.

Participants remained comfortably seated during the experiment at approximately 1 metre from the monitor. 
After the task was completed and tDCS fade-out ended, the electrodes were removed from the participant and 
cleaned. At this stage, the participants completed the PANAS scale a second time.

Cognitive Reappraisal Task.  The cognitive reappraisal task used in the experiment was adapted from2, char-
acterized by the observation and evaluation of images of high emotional arousal and negative valence. Subjects 
performed the evaluation in a two-step process through the input of a numerical key for: (i) valence estimation 
and (ii) arousal estimation. The experimental sequence was as follows: initially, instructions about which emo-
tional strategy was to be adopted (i.e. up- or down-regulation), were presented for 1000 ms; followed by a target 
image presented for 10000 ms; followed by an evaluation of the image’s emotional valence with no time limit for 
the subject’s response, and evaluation of the image’s emotional arousal with no time limit too; and finally by a 
screen to prepare subjects for the next trial, presented for 1000 ms. All images were presented using E-prime 2.0® 
(Psychological Software Inc.) and a 32-inch widescreen monitor (Samsung 320BX®).

The three cognitive reappraisal strategies which the participants were instructed to use were: (i) to increase 
the current emotion (“look at the situation in the image and imagine the situation as worse than presented”); (ii) 
to decrease the current emotion (“look at the situation in the image and imagine the situation as better than pre-
sented”) and (iii) to maintain the current emotion (“look at the situation in the image passively”). The strategies 
were presented in an equal number and the order of presentation was randomly determined. The Self-Assessment 
Manikin (Sam22) was used as a method of evaluation with two 9 points Likert scales to evaluate: (i) arousal level 
(from not intense at all to extremely intense); and (ii) valence (from extremely negative to extremely positive). 
Before the experimental task began, subjects completed a training session in which they practised using each cog-
nitive reappraisal strategy. In all, 72 images with negative emotional content were used (24 images for each strat-
egy). All target images had low levels of emotional valence and high levels of emotional arousal (see Appendix), 
considering the normative values for the city of São Paulo23 for images from the International Affective Picture 
System (IAPS24). The practice session and the experimental task lasted approximately 40 minutes.
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Transcranial Direct Current Stimulation (tDCS).  The equipment used in the experiment included a low-intensity 
DC stimulator; two rubber electrodes, each with an individual surface area of 16 cm2, covered by sponges soaked 
in a saline solution and placed over the target area; as well as elastic strips to hold the electrodes in their specified 
place8. The system of electrode positioning (Fig. 1) followed the classic 10–20 system of EEG electrodes placement 
by Jasper25, used in studies by, Feeser et al.12 and Riva et al.17, with three separate tDCS montage conditions with 
each subject tested on only one condition: (1) anode positioned on F3 and cathode positioned on F4 (ANF3/
CATF4); (2) anode positioned on F4 and cathode positioned on F3 (ANF4/CATF3); (3) sham stimulation, with 
the same montage as condition ANF3/CATF4. Furthermore, considering that tDCS is not particularly focal and 
to reduce this limitation, we used a MATLAB toolbox called COMETS226. This toolbox provides current flow 
and current density calculated based on a realistic human head model composed of scalp, skull, CSF, and brain. 
Figure 1 shows a simulation of the electric field distribution on both Experiments.

Both the sham stimulation and the experimental stimulation were conducted at a current of 1.5 mA 
(0.094 mA/cm2 current density), with a fade-in and fade-out of 15 seconds each. The duration of stimulation was 
of 20 minutes for the experimental stimulation, including 5 minutes of stimulation conducted prior to the start of 
the task, and 30 seconds only in the sham condition. The participants were blinded for the stimulation condition.

Interbeat Interval measure (IBI).  Considering psychophysiological measures of emotional response, the studies 
typically use SCR measures Electrodermal Activity technique and the Skin Conductance Analysis (as tested by 
Feeser et al.12). Here we chose to use the Electrocardiography, since some studies demonstrated significant impact 
of tDCS on cardiac response27–29. Furthermore, some findings emphasize the advantages of the IBI analysis, con-
sidering its temporal resolution30–32.

An ECG signal was recorded via the positioning of two electrodes on the right and left intercostal muscles, and 
a reference electrode on the anterior/inferior side of the right tibia. Both data acquisition and data analysis were 
performed using BIOPAC® technology with the Acknowledge® software package (Biopac Inc.).

An initial phase of data pre-processing was performed which included: a) 1000 µS/V gain; b) a 0.05 Hz filter 
(high-pass); and c) a 35 Hz filter (low-pass). After the detection of markers related to the presentation of emo-
tional images from each regulation category, a time recording was obtained for the cardiac interbeat interval (IBI) 
over the course of the whole experiment. IBI values for 13 separate points were obtained through this procedure 
(with 1000 ms intervals between each IBI value). The IBI values were categorized as: two points occurring prior to 
target image presentation (IBI-2 and IBI-1); one point occurring at the exact moment of the start of target image 

Figure 1.  tDCS montages for Experiments 1 and 2.
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presentation (IBI0); and 10 points occurring after the start of the target image presentation (IBI1 to IBI10). To 
perform data correction relative to the baseline value, the mean value of IBI-2 (baseline) was subtracted from all 
the IBI values between IBI-1 and IBI10. As such, the IBI values reported in the results represent the delta values 
obtained in this procedure.

Data Analysis.  Statistical analyses were conducted using Statistica software (Stat-Soft Inc., version 8.0). Initially, 
in order to exclude any difference among groups we performed a One-way ANOVA on each of the pre-test scales. 
Next, the scores on positive and negative affect were separately analysed using repeated-measures analysis of 
variance (ANOVA), using the experimental group (tDCS Montage) and Time (before and after the experimen-
tal paradigm) as the factors. Regarding the Emotional Experience we performed separate repeated measures 
ANOVA for each emotional dimension (valence and arousal) with the experimental group (tDCS Montage) and 
Strategy (Up-regulation, Down-regulation and Maintain) as the factors. Finally, a repeated-measures ANOVA 
was performed for all IBI values using the experimental group (tDCS Montage), Strategy, and IBI event (IBI-1 to 
IBI10) as the factors. Where a significant difference was found between the factors, Duncan post hoc test was used 
since multiple comparisons were performed.

Results.  Pre-test scales.  A one-way ANOVA revealed no statistical differences for any of the scales (see 
Table 1), except for age.

Effect of tDCS on Affect.  The levels of positive and negative affect were analysed separately. For levels of neg-
ative affect, a repeated-measure ANOVA revealed a significant main effect of Time (F1,87 = 46.052; p < 0.001; 
ηp = 0.346) but not of tDCS Montage (F2,87 = 0.342; p = 0.711; ηp = 0.008), or the interaction between tDCS 
Montage*Time (F2,87 = 1.680; p = 0.192; ηp = 0.037). With respect to the significant main effect observed for 
Time, greater levels of negative affect following the experimental task (22.90 ± 0.81) were observed as compared 
to the levels observed prior to the task (17.17 ± 0.65), revealing a significant increase of negative affect by the task.

With respect to the analysis of levels of positive affect, a repeated-measures ANOVA revealed a significant 
main effect for Time (F1,87 = 83.592; p < 0.001; ηp = 0.490) but not for tDCS Montage (F2,87 = 0.287; p = 0.752; 
ηp = 0.007), or the interaction between tDCS Montage*Time (F2,87 = 0.412; p = 0.663; ηp = 0.009). With respect to 
the significant main effect observed for Time, it was observed lower levels of positive affect following the experi-
mental task (27.04 ± 0.72) as compared to the levels observed prior to the task (33.33 ± 0.59) consistent with the 
levels of negative affect, revealing a significant decrease of positive affect by the task.

Effect of Reappraisal Strategy and tDCS on Emotional Experience.  A repeated-measures ANOVA was conducted 
on the scores obtained from the emotional valence estimation, revealing a significant main effect of Strategy 
(F2,174 = 100.94; p < 0.001; ηp = 0.537) but not of tDCS Montage (F2,87 = 0.015; p = 0.985; ηp < 0.001), or the inter-
action between tDCS Montage*Strategy (F4,174 = 0.735; p = 0.569; ηp = 0.017). As a significant main effect was 
observed for Strategy, Duncan post hoc tests were performed, which showed significant differences (p < 0.001) 
between all three strategies. In particular, the valence estimation scores in the Up-regulation strategy (2.39 ± 0.08) 
were significantly lower than the scores observed for the Down-regulation strategy (3.50 ± 0.11) and the Maintain 
strategy (2.82 ± 0.10). In addition, the scores observed for the Down-regulation strategy were significantly higher 
than the scores observed for the Maintain strategy. In terms of the emotional valence scale, the attribution of a 
lower score corresponds to the perception of a more negative emotional valence.

With respect to arousal, a repeated-measures ANOVA revealed a significant main effect of Strategy 
(F2,174 = 139.528; p < 0.001; η p = 0.616) but not of tDCS Montage (F2,87 = 0.526; p = 0.593; ηp = 0.012), or the 
interaction between tDCS Montage*Strategy (F4,174 = 0.406; p = 0.804; ηp = 0.009). As a significant main 
effect was observed for Strategy, Duncan post hoc tests were performed, which showed significant differences 
(p < 0.001) between all three strategies. In particular, the arousal estimation scores in the Up-regulation strategy 
(5.89 ± 0.17) were significantly higher than the scores observed for the Down-regulation strategy (4.25 ± 0.18) 
and the Maintain strategy (5.21 ± 0.19). In addition, the scores observed for the Down-regulation strategy were 
significantly lower than the scores observed for the Maintain strategy. In terms of the emotional arousal scale, the 
attribution of a higher score corresponds to the perception of greater emotional arousal. Figure 2 shows the graph 
with the combination of the emotional experience results.

ANF3/CATF4 
(n30)

ANF4/CATF3 
(n30)

SHAM 
(n30) F p

Age 23,1 (0,6) 22,0 (0,6) 20,8 (0,6) 3.90 0.02*

BAI 4,6 (0,8) 6,1 (0,9) 5,9 (0,9) 0.96 0.39

BDI 5,4 (0,9) 6,8 (1,0) 7,7 (0,9) 1.62 0.20

ERQ - CR 31,2 (1,2) 27,7 (1,3) 29,6 (1,3) 1.83 0.17

ERQ - S 13,7 (0,8) 13,1 (0,9) 15,1 (0,9) 1.38 0.26

Edinburgh 75,9 (3,9) 70,8 (4,2) 73,6 (4,0) 0.40 0.67

Table 1.  Statistical analysis of each scale/questionnaire for each experimental group. The values for each group 
represent mean and standard error, as well as the F and p values. *Significant effect for age difference between 
experimental groups.
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Effect of Reappraisal Strategy and tDCS on Interbeat Interval (IBI).  A repeated-measures ANOVA revealed a signif-
icant main effect for the factors of IBI event (F11,935 = 49.768; p < 0.001; ηp = 0.369), Strategy (F2,170 = 4.475; p = 0.013; 
ηp = 0.050), and a significant interaction between Strategy*IBI event (F22,1870 = 2.687; p < 0.001; ηp = 0.031) but 
no significant effects for the factor tDCS Montage (F2,85 = 0.700; p = 0.500; ηp = 0.016) or for the interactions 
between tDCS Montage*Strategy (F4,170 = 0.235; p = 0.918; ηp = 0.005), tDCS* IBI event (F22,935 = 1.097; p = 0.343; 
ηp = 0.025), or tDCS*Strategy* IBI event (F44,1870 = 1.002; p = 0.469; ηp = 0.023). Due to the significant effects 
observed for the factor IBI and the interaction between Strategy* IBI event, Duncan post hoc tests were performed, 
revealing significant differences on all IBI’s, except on IBI-1 (Fig. 3). Specifically to Maintain strategy, it was found 
significant differences on: IBI0) to Down-regulation (p = 0.058); IBI1) to Down-regulation (p < 0.001); IBI2) to 
Down-regulation (p = 0.007) and Up-regulation (p = 0.029); IBI3 to Down-regulation (p = 0.007) and Up-regulation 
(p = 0.009); IBI4) to Up-regulation (p = 0.010); IBI5) to Down-regulation (p = 0.035) and Up-regulation (p < 0.001); 
IBI6) to Up-regulation (p = 0.005); IBI7) to Down-regulation (p = 0.047) and Up-regulation (p = 0.049); IBI8) 
to Down-regulation (p < 0.001) and Up-regulation (p = 0.052); IBI9) to Down-regulation (p = 0.003) and 
Up-regulation (p = 0.062); IBI10) to Down-regulation (p < 0.001) and Up-regulation (p = 0.002). Finally, in respect 
to Down-regulation and Up-regulation comparison, it was found significant differences on IBI0 (p = 0.040), and 
IBI1 (p < 0.001). No significant differences were found for the other comparisons.

Thus, these IBI’s findings demonstrate that in the first two seconds of emotional processing, the cardiac 
response is higher on Down-regulation than Up-regulation, and comparing both active regulation to Maintain 
strategy. Furthermore, regardless of the cognitive reappraisal strategy, the IBI delta value for IBI2 to IBI10 are sig-
nificant higher for Down-regulation and Up-regulation compared to Maintain strategy (except for IBI4 and IBI6 
that only Up-regulation demonstrate significant differences as compared to Maintain strategy).

Discussion.  Experiment 1 sought to investigate the effect of sham tDCS application compared to two exper-
imental tDCS montages with active stimulation over the DLPFC (i. ANF3/CATF4; ii. ANF4/CAF3) during a 
cognitive reappraisal task of emotional images. The main findings of this Experiment were i. a significant effect of 
the cognitive reappraisal on the emotional evaluation of the pictures as well as on cardiac interval inter beats and 
ii. no effect of tDCS on the emotional evaluation.

As previously described by Gross3, the current experiment found a significant effect of cognitive control on 
emotional expression, supporting the increased use of this strategy type in clinical practice33,34, but in addition, 
we found cardiac alterations due to the use of different emotion reappraisal strategies, as first observed by Urry 
et al.35.

First of all, the results from ECG are in accordance to several reviews and classic studies in the area36,37 that 
typically after exposure to an emotional stimulus there is an heart rate deceleration. Furthermore, we found that 
the use of the Down-regulation strategy at the IBI0 and IBI1 events led to a decrease in IBI event when compared 
to the other strategies. During events between IBI2 to IBI10, lower IBI event were observed for the use of Down- 
and Up-regulation strategies when compared to the Maintain strategy. In this line, some studies on the cardiac 
recruitment during cognitive/emotional tasks30,31, observed increased IBI event (decrease in cardiac recruitment) 
after 2000 ms period from the emotional stimulus. These authors considered these findings as a decrease in cogni-
tive engagement after habituation in relation to the exposed emotional stimulus. Here, the finding regarding the 
use of both active cognitive reappraisal strategies occurs in the opposite direction, that is, a decrease in IBI event 

Figure 2.  Representation of the emotional experience (A – Valence judgment; B – Arousal judgment) average 
scores for negative pictures in respect to the reappraisal strategies and tDCS montages.
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(increased cardiac recruitment), which, therefore, following the literature30–32, would reflect a greater cognitive 
engagement. More specifically, in the same way as presented by Urry et al.35, it can be understood that during the 
use of both active cognitive reappraisal strategies, the participants should reappraise the cognitive label of the 
emotional image (diminishing or increasing the negativity of the image) throughout all the presentation time, 
observed greater cognitive engagement (measured by cardiac recruitment), compared with the Mantain strategy. 
Thus, our data revealed that there is significant differences in cardiac response when participants employed an 
active cognitive reappraisal strategy (Up- and Down-regulation) compared to the passive observation (Maintain 
condition) of images after the IBI2 event. This effect can be understood as the result of the increased cognitive 
demand during the image presentation time (IBI2 to IBI10) from the two active cognitive reappraisal strategies, 
where the participants were required to respond appropriately to the emotional image according to an assigned 
cognitive label, as compared to the passive Maintain strategy. This finding is in accordance with Urry et al.35, 
which presented sympathetic activation in respect to the use of active cognitive reappraisal strategies, either by 
the pupil diameter or by IBI measure.

Additionally, Experiment 1 also revealed significant differences in IBI values between the Down-regulation 
strategy and the other strategies for the IBI0 and IBI1 events. As IBI0 corresponds to the start of presentation of 
the emotional image, the lower latencies observed at IBI0 and IBI1 for the Down-regulation strategy may reflect 
increased cognitive engagement of the subjects in the interval prior to image presentation, at IBI-1 (the instruc-
tions screen). This interpretation could be challenged by observing that the same pattern of cardiac response 
was not found for the Up-regulation strategy. Nevertheless, according to the participants’ self-reports, they had 
greater difficulty performing the Down-regulation task than the Up-regulation task. Thus, probably this difficulty 
in decreasing the negative cognitive label of the negative images promoted a greater cognitive engagement imme-
diately after the observation of the instruction screen, an engagement that possibly reflected in higher cardiac 
recruitment observed at the IBI0 and IBI-1 of the Down-regulation strategy, but not in other strategies. This 
finding is in accordance with the study by Vanderhasselt et al.38, which demonstrates that the presentation of 
an informative screen about the valence of the image to be displayed promotes higher cognitive engagement as 
measured by the pupil diameter.

Overall however, in contrast to our stated hypotheses, no significant effects of tDCS modulation were found in 
Experiment 1. Up until the present, only one previous study has aimed to investigate the effects of tDCS applied 
to the DLPFC during tasks of cognitive reappraisal. Feeser, et al.12 observed that anodal tDCS application to the 
right DLPFC, with the cathode/reference electrode placed in the contralateral supraorbital region, led to a poten-
tiation of cognitive control in a task of cognitive reappraisal as compared to a sham tDCS condition. In addition, 
the authors also found similar effects in terms of the amplitude levels of skin conductance response following 

Figure 3.  Representation of IBI variation by strategy. Lines are divided by strategy, where values represent IBI 
delta value,and spreads represent standard error.
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the experimental condition of tDCS application. Nevertheless, the results from the current experiment did not 
replicate these previous findings. It is highly possible that the methodological differences between the study by 
Feeser et al.12 and the current experiment, such as the electrode size (35 × 100 cm2 vs. 16 × 16 cm2, respectively) 
and the placement of the electrodes (contralateral supraorbital region vs. contralateral homologous region), may 
have influenced the results observed in the two studies. In addition, the current experiment opted explicitly not to 
place the reference electrode in the contralateral supraorbital region, as some studies have suggested a role of the 
medial prefrontal cortex in the employment of strategies of cognitive reappraisal35,39, which would be problematic 
for the interpretation of any results obtained. As such, the current experiment sought to consider the neuromodu-
latory effects of both the anodal and cathodal pole on the regions over which the electrodes were placed.

Additionally, we modelled our tDCS montage using the toolbox Comets226. As it can be seen in Fig. 1, our 
bilateral montage (F3/F4) resulted in higher current densities more dorsal than dorsolateral in the PFC which 
might explain the lack of tDCS effects. Thus, more research are needed to investigate transcranial modulation of 
the DLPFC in tasks of cognitive reappraisal of emotional stimuli, to gain a greater scientific understanding of the 
role of this brain are in emotional regulation. New electrode sizes and montages should be modelled and tested in 
order to enhance the focality of tDCS.

Experiment 2 – VLPFC tDCS
Materials and Methods.  Experiment 2 used the same stimuli and equipment, and followed the same exper-
imental procedures as Experiment 1, differing only in terms of the tDCS montage as described below. Also, 
Experiment 2 used the same sample size as Experiment 1 (90 university students) considering all the inclusion/
exclusion criteria assumed before. All participants provided written informed consent, and all experiments were 
performed in accordance with relevant guidelines and regulations.

Transcranial Direct Current Stimulation (tDCS).  The equipment used in this experiment were the same as in 
experiment 1, only differing by the electrodes site positions (based on Riva et al.17): (1) anode positioned on F7 
and cathode positioned on F8 (ANF7/CATF8); (2) anode positioned on F8 and cathode positioned on F7 (ANF8/
CATF7); and (3) sham stimulation, with the same montage as condition ANF7/CATF8. Furthermore, as in exper-
iment 1, all participants were blinded for the stimulation condition.

Results.  Pre-test scales.  Of all 90 participants tested in Experiment 2, only the data from one participant was 
excluded due a failure in ECG and behavioural data recording. The relative analysis of the demographic ques-
tionnaires was conducted on the remaining 89 participants (30 men; mean age of 21.36 ± 3.29 standard error). A 
one-way ANOVA revealed no statistically significant differences for any of the scales (see Table 2).

Effect of tDCS on Affect.  Levels of positive and negative affect were analysed separately. A repeated-measures 
ANOVA for negative affect revealed a significant main effect for the factor of Time (F1,86 = 42.049; p < 0.001; 
ηp = 0.328) but not for the factor of tDCS Montage (F2,86 = 0.128; p = 0.880; ηp = 0.003), and with no significant 
interaction between tDCS Montage*Time (F2,86 = 0.410; p = 0.665; ηp = 0.009). With respect to the significant 
effect of Time, we observed increased levels of negative affect following the experimental task (22.43 ± 0,80) when 
compared to the levels observed prior to the task (17.40 ± 0.55), highlighting the role of the task in the modula-
tion of negative affect.

With respect to the analysis of levels of positive affect, a repeated-measures ANOVA revealed a significant 
main effect for the factor of Time (F1,86 = 38.576; p < 0.001; ηp = 0.310) but not for the factor of tDCS Montage 
(F2,86 = 0.500; p = 0.608; ηp = 0.012), or the interaction between tDCS Montage*Time (F2,86 = 0.636; p = 0.532; 
ηp = 0.015). Again, with respect to the significant main effect observed for Time, it was observed lower levels of 
positive affect after the experimental task (29.25 ± 0.93) when compared to the levels observed prior to the task 
(33.62 ± 0.71). Similarly to the effect observed for negative affect, this reveals a significant role of the task in the 
modulation of positive affect as well.

Effect of Reappraisal Strategy and tDCS on Emotional Experience.  A repeated-measures ANOVA revealed 
a significant main effect for the factors tDCS Montage (F2,86 = 3.727; p = 0.028; ηp < 0.080) and Strategy 
(F2,172 = 135.815; p < 0.001; ηp = 0.612), but no significant interaction between tDCS Montage*Strategy 
(F4,172 = 0.833; p = 0.506; ηp = 0.019). As a significant main effect was observed for tDCS Montage, Duncan post 
hoc tests was performed, which showed a significant difference (p < 0.010) between the ANF7/CATF8 and the 

ANF7/CATF8 
(n29)

ANF8/CATF7 
(n30)

SHAM 
(n30) F p

Age 20,62 (0,60) 21,10 (0,59) 22,43 (0,59) 2.50 0.09

BAI 4,86 (0,93) 6,70 (0,92) 7,70 (0,92) 2.40 0.10

BDI 5,83 (0,82) 6,07 (0,81) 8,30 (0,81) 2.85 0.06

ERQ - CR 29,52 (1,36) 29,27 (1,33) 28,97 (1,33) 0.04 0.96

ERQ - S 15,10 (0,96) 13,97 (0,95) 12,70 (0,95) 1.59 0.21

Edinburgh 77,27 (3,69) 80,86 (3,63) 77,11 (3,63) 0.34 0.71

Table 2.  Statistical analysis of each scale/questionnaire for each experimental group. The values for each group 
represent mean and standard error, as well as the F and p values.
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Sham group. That is, regardless of the cognitive reappraisal strategy used, the valence estimation scores observed 
for the ANF7/CATF8 group (3.33 ± 0.15) were significantly higher than the scores observed for the Sham group 
(2.74 ± 0.15), but not significantly different from the ANF8/CATF7 group (3.02 ± 0.15), as can be seen in Fig. 4.

Due to the significant effect observed for the factor of Strategy, Duncan post hoc tests were performed which 
revealed significant differences (p < 0.001) between all three strategies. Specifically, the valence estimation scores 
for the Up-regulation strategy (2.47 ± 0.09) were significantly lower than the scores for the Down-regulation 
strategy (3.66 ± 0.10) and the Maintain strategy (2.96 ± 0.10). In addition, the scores for the Down-regulation 
strategy were significantly higher than the scores for the Maintain strategy.

With respect to the estimation scores obtained from the arousal rating scale, a repeated-measures ANOVA 
revealed a significant main effect for the factor of Strategy (F2,172 = 124.405; p < 0.001; ηp = 0.591) but not for the 
factor of tDCS Montage (F2,86 = 0.640; p = 0.530; ηp = 0.015), or the interaction between tDCS Montage*Strategy 
(F4,172 = 0.252; p = 0.908; ηp = 0.006). As in Experiment 1, Duncan post hoc analysis revealed significant differ-
ences (p < 0.001) between all three strategies. Specifically, the arousal estimation scores for the Up-regulation 
strategy (5.78 ± 0.19) were significantly higher than the scores observed for the Down-regulation strategy 
(3.98 ± 0.19) and the Maintain strategy (4.76 ± 0.21), while the scores for the Down-regulation strategy were 
significantly lower than the scores for the Maintain strategy.

Effect of Reappraisal Strategy and tDCS on Interbeat Interval (IBI).  With respect to the scores obtained for each 
IBI, a repeated-measures ANOVA revealed a significant main effect for the factor of IBI event (F11,935 = 76.407; 
p < 0,001; ηp = 0.473) and a significant interaction between tDCS Montage*IBI event (F22,935 = 1.690; p = 0.025; 
ηp = 0.038), but no significant main effects for the factors of tDCS Montage (F2,85 = 1.600; p = 0.208; ηp = 0.036) 
Strategy (F2,170 = 0.387; p = 0.679; ηp = 0.005), or the interactions between tDCS Montage*Strategy (F4,170 = 1.086; 
p = 0.365; ηp = 0.025), Strategy*IBI event (F22,1870 = 0.452; p = 0.987; ηp = 0.005), or tDCS Montage*Strategy*IBI 
event (F44,1870 = 0.955; p = 0.556; ηp = 0.022). As significant effects were observed for the factor IBI event and the 
interaction between tDCS Montage*IBI event, Duncan post hoc tests were performed, which revealed significant 
differences between the ANF7/CATF8 group compared to the ANF8/CATF7 (p = 0.013) and to the Sham group 
(p = 0.016), specifically for the IBI2 event. Thus, regardless of the cognitive reappraisal strategy used, the IBI2 
delta value for the ANF7/CATF8 group (−0.01 ± 0.01) was significantly lower than the values observed for the 
Sham group (0.00 ± 0.01) and the ANF8/CATF7 group (0.00 ± 0.01), as can be seen in Fig. 5.

Discussion.  Experiment 2 sought to investigate the effect of sham tDCS stimulation as compared to two active 
tDCS montages (i, ANF7/CATF8; ii, ANF8/CATF7) applied to the DLPFC, during a task of cognitive reappraisal 
with emotional images.

With respect to the variability of levels of positive and negative affect over the course of the experimental task, 
the results from Experiment 2 replicated those from Experiment 1. As such, these findings once again confirm 
the efficacy of the experimental task in the modulation of emotional valence and arousal, and more specifically 
the levels of affect experienced by the participant. Concurrently, the results obtained from the estimation of 
valence and arousal were at similar levels in both experiments, revealing the stability of the phenomenon under 
investigation and confirming the effectiveness of using strategies of cognitive reappraisal as a means of emotional 
regulation.

Figure 4.  Representation of the emotional experience (A – Valence judgment; B – Arousal judgment) average 
scores for negative pictures in respect to the reappraisal strategies and tDCS montages.
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Furthermore, in contrast to the results observed in Experiment 1, the current experiment found significant 
effects of tDCS stimulation on estimation of emotional valence. These findings reveal the specific effect of the 
ANF7/CATF8 tDCS montage on valence estimation, with a resulting increase in valence estimation scores fol-
lowing stimulation, regardless of the type of cognitive reappraisal strategy employed. Consequently, participants 
who received ANF7/CATF8 stimulation reported negative emotional images as having less negative valence than 
participants in the other tDCS conditions, regardless of the cognitive reappraisal strategy employed. This result 
suggests that ANF7/CATF8 stimulation facilitated a less negative emotional perception of the emotional images.

As Ochsner and Gross40 present in their review, ventral regions of Prefrontal Cortex may influence on indi-
vidual context-appropriate emotional value, while dorsal regions may influence on cognitive control of emotion. 
In this line, some studies demonstrated the role of VLPFC on mediating Amygdala activity in respect to negative 
stimuli41,42. Our findings on emotional experience judgment and not on specific cognitive reappraisal strategies 
support this model. tDCS induced effects on the VLPFC led to less negative emotional perception of the emo-
tional images which might be explained to this VLPFC-Amygdala mediation. It is important to note that we 
manipulated negative images only, which prevent us to evaluate the impact of this modulation on the emotional 
experience relative to different emotional valence pictures, as well as to evaluate possible differences related to 
emotional valence. Therefore, we cannot exclude the possibility of a generalized effect for both positive and neg-
ative emotional stimuli.

Another point, is the fact that we did not found any significant effect for ANF8/CATF7 as Riva and colleges 
found in respect to social pain tasks16,17. As previously discussed on Experiment 1, these conflicting findings 
can be understood due to possible methodological differences and experimental purpose. Moreover, a recent 
meta-analysis of fMRI and emotion regulation studies demonstrate that left Inferior Frontal Gyrus (IFG) and left 
VLPFC activate during emotion regulation regardless of strategy, but both regions present an important role on 
selective attention, response inhibition and reorienting attention42. Thus, future studies that aim to understand 
the role of VLPFC tDCS on emotional regulation should separately investigate the effects on cognitive reappraisal 
and attentional distraction.

Experiment 2 revealed a decrease in IBI values for the IBI0 event during ANF7/CATF8 tDCS stimulation as 
compared to the Sham condition, and a similar decrease for the IBI1 condition during ANF8/CATF7 stimulation 
as compared to the Sham condition. Thus, regardless of the type of cognitive reappraisal strategy employed, the 
participants who received ANF7/CATF8 stimulation showed an increased heart rate in the two seconds imme-
diately preceding the presentation of the experimental instructions. This suggests that the participants showed a 
greater level of cognitive engagement during ANF7/CATF8 stimulation at the initial instructions screen than par-
ticipants receiving other tDCS conditions, which may have influenced participants increased valence estimation, 
compared to the other tDCS conditions. Interestingly, this finding was not limited to the specific employment 

Figure 5.  Representation of IBI variation by group. Lines are divided by tDCS group condition, where values 
represent IBI dela value, and spreads represent standard error.
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of one type of cognitive reappraisal strategy but was a generalized effect across all strategies. Thus, we under-
stand that ANF7/CATF8 stimulation may produce an “physiological compensatory effect”, in which, in response 
to extreme negative picture observation, physiological recruitment increases to decrease subjective emotional 
experience.

Together, these findings represent the causal effect of ANF7/CATF8 stimulation on the emotional experience 
and physiological modulation of a negative picture observation task. However, it is important to note that the 
opposite tDCS montage, relative to ANF8/CATF7 stimulation did not significantly influenced the same phenom-
ena. Relative to the classical tDCS mechanisms in respect of polarity dependent effect, it can be considered that 
both electrodes, anode at F7 and cathode at F8 effectively impacted the target neural population, with the neural 
population in ANF7 being predominantly excited and the population in CATF8 inhibited. So, the observed effect 
of ANF7/CATF8 stimulation on emotional experience and physiological modulation is characterized by the sum 
of individual effects of the positioning of the anode and cathode electrodes. In this sense, the opposite montage 
should have the opposite result, but this result was not found. One possible explanation could be characterized by 
the specific lateralized response in relation to each type of tDCS montage.

As presented by Rêgo et al.14, two contralateral PFC balanced tDCS montage (ANF3/CATF4 and ANF4/
CATF3) could present two different effects even though they do not have opposite characteristics. Rêgo et al.14 
demonstrate that during a pain-related video observation task, both ANF3/CATF4 and ANF4/CATF3 tDCS 
effectively modulate valence/arousal evaluation and pupil dilatation response. Nevertheless, they demonstrate 
that, considering the results specificity, each tDCS montage present a particular effect, resultant of the combi-
nation of the modulation of both electrodes. Thus, in our study, despite the consideration of the opposite effects 
expected from opposing tDCS montages, the absence of opposing effects can be accepted, considering a sum of 
other effects and phenomena not controlled, such as: measure the effective cortical excitability modulation, inter-
participant variability, and uni-hemispheric controlled stimulation.

General Conclusion.  Overall, the current study sought to investigate the role of prefrontal cortex (PFC), 
specifically the dorsolateral PFC (Experiment 1) and the ventrolateral PFC (Experiment 2) in different strategies 
of cognitive reappraisal, considering the effects of inter-hemispheric differences on behavioural and psychophys-
iological measures.

With respect to the variability of affect levels, the findings from both Experiment 1 and 2 are consistent with 
the results commonly observed in the literature with negative emotional images exposure. Concurrently, the data 
from the estimation scales of emotional valence and arousal in both experiments are also consistent with the 
support for the efficacy of cognitive reappraisal of emotional stimuli described in the literature. In addition, the 
ECG data expressed in terms of IBI values from Experiment 1 are an innovative measure of the significant effects 
of the Down-regulation strategy on the cognitive reappraisal of emotional images.

On the other hand, the findings from Experiment 1 depart from previous hypotheses in the literature, as no 
significant effects of increased cognitive control of emotions were found from the application of anodal tDCS to 
the right DLPFC (ANF4/CATF3), which necessitates greater discussion of the standardization of tDCS experi-
mental protocols in a research setting, surrounding both electrode size and the set-up parameters between the 
target and reference electrodes.

Nevertheless, Experiment 2 showed that the excitatory modulation of the left VLPFC and inhibitory mod-
ulation of right VLPFC (ANF7/CATF8 condition), but not inverted condition (ANF8/CATF7) resulted in an 
additional modulation of the emotional impact of negatively valent images. This result highlights the role of the 
VLPFC in the process of cognitive reappraisal, a finding which, to our knowledge, has been rarely addressed in 
the literature. However, once we did not find any significant effect for ANF8/CATF7 condition, the role of VLPFC 
on the cognitive reappraisal should be understood with caution.

As such, more research should be conducted to better describe the inter-hemispheric differences of the pre-
frontal cortex in the employment of strategies of cognitive reappraisal of emotional stimuli, as well as the func-
tional differences between the substructures located in this cortical region. Thus, our main limitations may be 
characterized by the unique experimentation of negative emotions rather than both emotional valences. Future 
studies should investigate the impact of cognitive reappraisal on positive and negative emotions, as well as the 
impact of DLPFC and VLPFC tDCS stimulation, through unilateral and bilateral balanced montages. Besides 
that, it would be interesting to investigate the effect of these conditions on the modulation of the eye movement 
and eye fixation patterns, by adding attentional distraction as a main emotion regulation strategy, thus allowing 
the hypothesis testing of the causal role of left VLPFC in the attentional direction process regarding selective 
attention. Furthermore, here we tested two pre-frontal structures that have relative proximity, in this way it could 
be considered that the neuromodulation of one region could modulate the other, which would highlight the 
use of a more focal technique. High-definition tDCS has been shown promising as computational models have 
shown its better focality as compared to the conventional tDCS (the one used in our study). However, when these 
two approaches were directly compared, no significant effects emerged between them and both were effective in 
modulating the performance on a behavioral paradigm43. Thus, even resulting in a more diffuse pattern of current 
flow, the behavioral effects of conventional tDCS seem specifically related to the target areas.

Finally, studies with the joint accomplishment of active tDCS and neuroimaging technique may allow the 
effective evaluation of cortical modulation dependent on the type of tDCS montage, performed together with the 
possible behavioural and physiological modulation resulted from this intervention. Nevertheless, our study effec-
tively contributes to the emotion regulation topic, presenting results related to the neural and psychophysiological 
mechanisms behind this important phenomenon.
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