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Abstract 

Recent evidence has supported the notion that the hypothalamic-pituitary-adrenal 

(HPA) and the sympatho-adreno-medullary (SAM) systems are modulated by cortical 

structures such as the prefrontal cortex. This top-down modulation may play a major role in 

the neuroendocrine changes associated with stressful events. We aimed to investigate further 

this hypothesis by modulating directly prefrontal cortex excitability using transcranial direct 

current stimulation (tDCS) - a non-invasive, neuromodulatory tool that induces polarity-

dependent changes in cortical excitability - and measuring effects on salivary cortisol and 

heart rate variability as proxies of the HPA and SAM systems.  Twenty healthy participants 

with no clinical and neuropsychiatric conditions were randomized to receive bifrontal tDCS 

(left anodal/right cathodal or left cathodal/right anodal) or sham stimulation, in a within-

subject design. During each stimulation session, after a resting period, subjects were shown 

images with neutral or negative valence. Our findings showed that excitability enhancing left 

anodal tDCS induced a decrease in cortisol levels.  This effect is more pronounced during 

emotional negative stimuli. Moreover, vagal activity was higher during left anodal tDCS and 

emotional negative stimuli, as compared to sham stimulation and neutral images. We also 

observed an association between higher mood scores, higher vagal activation and lower 

cortisol levels for anodal stimulation. Subjective mood and anxiety evaluation revealed no 

specific changes after stimulation. Our findings suggest that tDCS induced transient, polarity 

specific modulatory top-down effects with anodal tDCS leading to a down-regulation of HPA 

and SAM systems. Further research using tDCS and neuroendocrine markers should explore 

the mechanisms of stress regulation in healthy and clinical samples.  
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Introduction 

The dorsolateral prefrontal cortex (DLPFC) has been associated with a wide range of 

cognitive functions from selective attention, working memory, decision-making including 

emotional behavior and empathy (Cerqueira et al., 2008, Damasio, 2000) to regulation of 

mood and anxiety (Davidson et al., 2002). In fact, one important role of DLPFC is in 

processing and regulating stressful, emotional responses – for instance, DLPFC shows 

activation when voluntarily suppressing sadness (Levesque et al., 2003) and co-activation 

with the amygdala during emotion reappraisal (Banks et al., 2007). Immediately following a 

stressful event, subcortical areas (such as the amygdala, hypothalamus and brainstem 

monoaminergic nuclei) trigger strong (albeit relatively unspecific) neuroendocrine responses, 

notably the activation of the sympatho-adreno-medullary system (SAM) and the 

hypothalamic-pituitary-adrenal (HPA) axis, thereby increasing noradrenaline and cortisol 

levels. In this context, further DLPFC neural processing may either lead to a top-down 

regulation, ultimately inhibiting SAM and HPA activity or, conversely, subcortical areas 

might down-regulate cortical activity, with subsequent increasing in SAM and HPA 

functioning. This latter, “bottom-up” pattern (amygdala hyperactivity / DLPFC hypoactivity) 

is observed in mood and anxiety disorders, both during resting state and cognitive/challenging 

neuroimaging and functional studies (Quide et al., 2012, Britton et al., 2011, Drevets et al., 

2008). In addition, analogous to other cortical structures, DLPFC has lateralized properties: 

while the left side is associated with parasympathetic activity, positive emotional processing 

and approach behavior; the right PFC is associated with sympathetic activity, negative 

emotional processing and withdrawal behavior (Cerqueira et al., 2008). Indeed, mood and 

anxiety disorders are associated with hypoactivity of the left DLPFC (Davidson et al., 2002). 

Nevertheless, most research in the field is correlational, and experimental 

manipulation is necessary to increase our insight in the causal relationship between cortical 

functioning, emotional regulation and specific stress responses. In this context, transcranial 

direct current stimulation (tDCS) is one interesting tool to investigate such processes. TDCS 

is a neuromodulatory technique that consists in applying a direct electric current through 

electrodes positioned over the scalp to induce local and secondarily distance neuroplasticity. 

Although tDCS induced current is weak, it is able to reach the neuronal tissue and induce 

polarization-shifts on cortical excitability (Nitsche et al., 2008, Brunoni et al., 2011c). 

Remarkably, anodal stimulation generally facilitates cortical activity, whereas cathodal tDCS 

has opposite effects (Brunoni et al., 2011c). In fact, studies have shown polarity-dependent 
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tDCS effects for several cortical areas, including occipital, sensory, motor and prefrontal 

cortex areas (Utz et al., 2010).  

Therefore, considering the importance of DLPFC in emotional processing and stress 

responses in healthy individuals as well as in neuropsychiatric disorders, we sought to test 

whether tDCS of DLPFC regulates emotional processes and stress responses by measuring 

heart rate variability (HRV) and salivary cortisol levels as they reflect SAM and HPA 

functioning (Marques et al., 2010). Specifically, while the former assesses the relative 

influences of sympathetic and vagal branches over heart beat-to-beat activity (ESC, 1996); 

the latter increases as a stress response to negative and unpleasant stimuli (Hellhammer et al., 

2009).  

In this sham-controlled study, two different montages were used: left anodal / right 

cathodal stimulation (thus increasing left DLPFC cortical excitability and an opposite effect 

on the right DLPFC) and, conversely, right anodal / left cathodal stimulation (thus inducing a 

contrary effect). Emotional responses were induced using images of negative valence. Based 

on the current knowledge in the lateralized DLFPC processing of emotional information and 

its top-down inhibitory properties, we hypothesized that the former montage would be 

associated with decreased and the latter with increased SAM and HPA activity, respectively, 

as indexed by HRV and cortisol measures. In despite of gaining mechanistic insights of 

DLPFC and tDCS functioning, this study is also important to measure safety – i.e., whether 

tDCS could exert hazardous effects in autonomic activity, as anecdotally reported (Redfearn 

et al., 1964) – and to also support the exploration of tDCS for potential clinical gains – e.g., 

regulation of blood pressure (Cogiamanian et al., 2010) and stress response. 

 

Methods 

Subjects 

Twenty healthy participants with no psychiatric or clinical conditions were included. 

Their mean age was 24.9 (SD=3.8) years and three were male. They were recruited among 

university students at the University of São Paulo, Brazil. All volunteers gave written 

informed consent and the local Ethics Committee approved the study. No financial 

compensation was given. We screened 31 subjects. Of them, a trained psychiatrist excluded 

those with prior and current psychiatric disorders by a psychiatrist using the M.I.N.I. 

questionnaire (Sheehan et al., 1998) and the Beck Depression Inventory (BDI) (Gorenstein et 

al., 2000) – those with scores higher than 8 were excluded (n=4, with acute depressive 
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episode and n=1 with generalized anxiety disorder). In addition, we performed biochemistry, 

anthropometric and EKG evaluations as to exclude those with potential cardiovascular 

conditions (n=1, with sinus bradycardia and first-degree atrioventricular block). We also 

excluded participants who perform intense physical activity (n=3, university students who 

competed in academic leagues), as this was related to changes in HRV measures in a prior 

tDCS study (Montenegro et al., 2011). Moreover, women in the luteal phase had their 

participation postponed to the subsequent follicular phase as to minimize individual cortisol 

variability (Kajantie and Phillips, 2006). For the same reason, women with irregular menses 

were excluded (n=2, due to polycystic ovary syndrome and possible pregnancy).  

Design 

 A randomized, sham-controlled, within-subjects design was used. Subjects were 

randomized in a counterbalanced order to receive all stimulation conditions (left anodal, left 

cathodal or sham). To avoid carry-over effects between sessions, subjects had to attend to the 

research center in three different days, with a minimal interval of 48 hours between them. All 

sessions occurred between 10 a.m. and noon. Subjects were asked to avoid drinking coffee 

and smoking cigarettes 24h prior to the sessions. None of them was under medication use. 

Each session lasted 40 minutes and was divided in four consecutive phases, each of 

which lasting ten minutes: in the first phase, the HRV and tDCS electrodes were positioned 

on the participant, who was then sat in a comfortable chair. TDCS was started during the last 

three minutes of this first phase. In the second, third and four phases we showed images of 

neutral, negative and neutral valences, respectively; they were presented in a 15-inch LCD 

monitor for six seconds, with a 500ms interval between them. The images were shown for 

eight minutes and in the last two minutes of phases III and IV there was an interval in which 

salivary cortisol was collected (in phases I and II no assessments were done; phase I was a 

“resting”, initial period; phase II was designed as a training, standardization period). The 

current emotional state of the subject was assessed using the visual analogue scales (VAS) for 

mood and anxiety. Each image was shown only once for a given participant. These images 

were selected from the International Affective Picture System (IAPS) database, being rated 

according to their level of valence and arousal (Lang et al., 1993). We selected pictures with 

mean arousal values <4 and mean valence ratings between 2.5-3.9 (negative) and 5-6 

(neutral). (Figure 1) 

(Figure 1) 

 TDCS was delivered by a battery-driven stimulator with two rubber electrodes placed 

in 5 x 7 cm saline-soaked sponges. Electrodes were positioned over the F3 or F4 areas 



 6 

according to the 10/20 EEG International System that corresponds to the regions over the left 

and right dorsolateral prefrontal cortex (DLPFC), respectively. For the left anodal stimulation, 

the anode was at F3 and the cathode at F4; for the left cathodal stimulation, the cathode was 

at F3 and the anode at F4. This montage has been used in several studies (Ferrucci et al., 2009, 

Brunoni et al., 2011b). For the verum tDCS we used a 1.5 mA current, for the sham condition 

the device was turned off after 30 seconds of stimulation, a sham method proved to be 

reliable for blinding purposes (Gandiga et al., 2006). We also assessed blinding asking 

subjects to guess whether they had received active or sham stimulation. 

Assessments 

 After each phase we evaluated subjective affective changes asking the participants to 

grade their current emotional state according to the visual analogue scales (VAS) for mood 

and anxiety: the participants were asked to describe how they felt “at the moment” by 

indicating on horizontal, 10-cm lines, on a range from “absolutely not” to “very much”. We 

also performed the Affect and Negative Affective Schedule (PANAS) and State-Trait Anxiety 

Inventory (STAI) questionnaires at the beginning of the study. They both present Portuguese-

validated (Gorenstein et al., 2000, Galinha and Pais-Ribeiro, 2005) versions and are 

frequently used questionnaires to clinically evaluate mood and anxiety. These variables were 

categorized in two levels (low vs. high) accordingly to the 25
th
 (for positive affect) and the 

75
th
 percentile (for negative affect, state anxiety and trait anxiety) of the scores. We used 

these cut-off points specifically aiming to assess those with increased psychopathological 

symptoms. Finally, adverse events were assessed through a specific questionnaire (Brunoni et 

al., 2011a).  

 Electrocardiographic evaluations were carried out in a calm room in controlled 

temperature. A digital electrocardiograph (Micromed, sampling rate of 250 Hz) was used to 

acquire the records. The electrodes were placed on the limbs, and the signals were recorded 

from the higher R-wave amplitude lead (usually D2). We used Wincardio 4.4 to generate the 

beat-to-beat R-R interval series. The artifacts and ectopic beats were corrected by the spline 

cubic interpolation method. HRV analysis was performed in the frequency domain for the 

low- (LF-HRV, 0.04-0.15 Hz) and high-frequency (HF-HRV, 0.15-0.4 Hz) bands that are 

related with sympathetic and vagal activity, respectively (ESC, 1996). Power spectral analysis 

was performed by the autoregressive method and model order was set at 16 (Boardman et al., 

2002). Importantly, although there are several HRV measures (including time, frequency and 

non-linear analyses) we analyzed only LF- and HF-HRV as they are especially useful when 

assessing the contrast between sympathetic vs. parasympathetic activity during emotional and 

stressful tasks (Thayer et al., 2011). Also, considering that common HRV software usually 
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extracts 25 measures (Johnsen Lind et al., 2011), we used only the total spectral power (ms
2
) 

of LF- and HF-HRV measures as to not inflate type I error.  

Saliva samples were collected using Salivettes with an insert containing a sterile 

polyester swab, yielding a clear and particle-free sample. They were used according to the 

instructions provided by the manufacturer. The salivettes were centrifuged at 1500 rpm for 15 

minutes, and the filtrates were stored frozen (-20 C) until analysis that was performed with 

standard ELISA kits from DIAsource ImunoAssays SA, Belgium.  Before analysis, the 

sample were thawed and individually recentrifuged.  

Analysis 

 All statistical analyses were performed using Stata 12 (Statacorp, TX). For the 

dependent variables we used the mood and anxiety VAS scores as well as the natural 

logarithmic values of HF-HRV, LF-HRV and the square root values of cortisol (the data were 

normalized as the identity values were non-parametric), each of which being analyzed 

separately (i.e., we analyzed only one variable at a time). As to assess carry-over effects we 

included the term order of stimulation in a separate model.   

The independent variables were polarity (left anodal; left cathodal and sham), valence 

(neutral vs. negative) and the interaction between them. Therefore, our main model was a 

repeated-measures, within-subject ANOVA. Importantly, we used the Greenhouse-Geisser 

correction whether the assumptions of sphericity were not met. 

Whether the valence x polarity interaction was significant (p ≤0.05), further models 

were explored in which positive affect, negative affect, anxiety-state and anxiety-trait from 

the PANAS and STAI scales were individually analyzed as between-subjects factors. In 

addition, we also modeled VAS scores as covariates to explore whether changes in mood or 

anxiety were associated with the dependent variable. Since this was an exploratory study, we 

did not adjust p levels for multiple comparisons.  

 

Results 

No tDCS adverse events were reported and participants did not correctly guess 

whether they were receiving active or sham stimulation (χ
2
=1.4; p=0.23).  

 (Table 1) 

(Table 2) 
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HRV measures 

 For HF-HRV, we found no significant main effects for polarity (F=0.13; p=0.88) and 

valence (F=1.58; p=0.23). However, a significant polarity x valence interaction was found 

(F=2.99; p=0.05). Post-hoc analyses for this interaction showed that HF-HRV values were 

significantly different (F=4.9; p=0.04) for left anodal vs. sham stimulation when comparing 

images of negative vs. neutral valence – in fact, HF-HRV values were higher for negative vs. 

neutral images during left anodal stimulation, and vice-versa for left cathodal stimulation 

(Tables 1 and 2).  The effect on HRV was specific for the HF as for LF-HRV measures, the 

repeated-measures ANOVA showed no significant effects for polarity (F=0.41; p=0.66), 

valence (F=2.66; p=0.12) and the interaction between them (F=0.86; p=0.42). (Figure 2) 

 

(Figure 2) 

 

Salivary cortisol 

 Significant effects were found for valence (F=10.1; p<0.01) (with higher cortisol 

levels for negative images) and the valence x polarity interaction (F=3.1; p=0.04) – here, the 

post-hoc analysis showed significant differences for left anodal vs. sham stimulation 

according to image valence; specifically, that for left anodal stimulation cortisol values were 

lower and almost similar for both valences whereas they were higher for sham stimulation, 

and even higher for negative images (Tables 1 and 2). For the main effect of polarity alone, 

however, the repeated-measures ANOVA model showed a trend (F=2.39; p=0.1) for a 

significant main effect for polarity, with lower values for left anodal and higher values for left 

cathodal stimulation; supporting the notion that polarity effects are also specific for the 

valence. (Figure 3) 

(Figure 3) 

 Finally, as to further explore the changing in cortisol levels, we estimated a new 

dependent variable that was the percentage based on the difference of values between active 

and sham, divided by the values observed during sham stimulation as to normalize values 

according to sham stimulation, i.e, 

Change in cortisol  = 100 x (Active – Sham) / (Sham) 
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 Using these values as a new dependent variable, we performed a new model in which 

polarity had only two levels (anodal vs. cathodal). In this model, we observed a trend for 

valence effects (F=2.68; p=0.11) and significant effects for polarity (F=8.64; p<0.01) and for 

the interaction of polarity vs. valence (F=4.6; p=0.04). Specifically, for polarity effects, we 

observed that anodal stimulation was associated with 5.3% lower (SE=15) whereas cathodal 

stimulation with 64.3% higher (SE=24) cortisol levels. Considering the polarity vs. valence 

interaction, we found that anodal stimulation was associated with cortisol levels 12% lower 

(SE=12) for negative pictures and virtually no changes (+1%) for neutral pictures. Conversely, 

cathodal stimulation was associated with 106% (SE=39) and 22.6% (SE=18) higher cortisol 

levels for negative and neutral pictures, respectively. 

 

Relationship between cortisol and HF-HRV 

 Since we identified a polarity x valence interaction for both HF-HRV and cortisol, we 

sought to explore whether these changes were correlated. In a post-hoc analysis, we 

performed regression models for each polarity (anodal, cathodal and sham) using changes in 

cortisol and HF-HRV  as variables. We found that these variables were inversely related (β=-

0.16, p=0.03) after anodal stimulation (i.e., higher cortisol values were related with lower HF-

HRF values), but not during cathodal and sham stimulation (p=0.64 and p=0.24, respectively).  

VAS for mood and anxiety 

 As expected, VAS mood values were significantly lower for negative than neutral 

pictures (F=15.63; p<0.01). Likewise, VAS anxiety values were significantly lower for 

neutral than negative pictures (F=22.6; p<0.01). For both mood and anxiety VAS values there 

were no significant main effects for polarity (F=1.14; p=0.33 and F=1.9; 0.16, respectively). 

We also did not observe significant effects on either mood (F=0.18; p=0.83) or anxiety 

(F=1.56; 0.22) for the polarity vs. valence interaction (Tables 1 and 2). In other words, the 

repeated-measures ANOVA showed, for subjective mood and anxiety assessments, 

significant changes for valence but not for polarity and the interaction between them. 

 We also used mood and anxiety VAS scores as covariates in the analyses that had a 

significant valence x polarity interaction (i.e., for cortisol and HF-HRV). The variable VAS 

mood was found to be significant when cortisol (β=-0.21, p=0.03) and HF-HRV (β=0.09, 

p=0.04) were the dependent variables, suggesting that higher levels of cortisol and lower 

values of HF-HRV were associated with lower mood ratings. The variable VAS anxiety was 
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not significantly associated for both cortisol and HF-HRV models (p=0.44 and p=0.33, 

respectively).  

 

Analysis of baseline assessments 

 The repeated-measures ANOVA models that presented significant polarity x valence 

interactions (i.e. HF-HRV and salivary cortisol) were further explored by successively adding 

the following between-subjects factors: positive affect, negative affect, anxiety-state and 

anxiety-trait – all categorized in high vs. low levels. However, we observed no significant 

interactions for these factors with the term polarity x valence. 

 

Carry-over effects 

 To analyze carry-over effects, we added the term order of stimulation in the model. 

This term was not significant for any of the dependent variables (p>0.05 for all analyses).  

 

Discussion 

The main finding of our study is that one single session of brain stimulation over the 

DLPFC changed HRV and salivary cortisol values according to tDCS polarity and the 

valence of imagery. Specifically, when subjects were presented with negative images, left 

anodal tDCS is associated with lower cortisol levels and higher HRV (HF-HRV values) as 

compared to sham stimulation. In addition, left cathodal tDCS, when compared specifically 

against left anodal tDCS, presented higher cortisol levels – this difference was more 

noticeable during negative imagery. To our knowledge, this is the first study assessing the 

emotional-triggering neuroendocrine responses associated with modulation of DLPFC 

excitability by transcranial direct current stimulation. We further discuss the observed 

changes in cortisol levels, HRV measures and subjective affective assessments.  

To our knowledge, no previous study investigated top-down modulation using tDCS 

on salivary cortisol. Although Raimundo et al. (2011) evaluated cortisol changes after tDCS – 

finding no specific changes – their results were based on a sub-sample analysis of blood 

cortisol levels. Interestingly, previous, single-session, sham-controlled, fast rTMS studies in 

healthy women showed no modulatory effects on the HPA axis after left or right DLPFC 

(Baeken et al., 2009b), although right DLPFC rTMS effects were observed, in another sample 
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of healthy women, when controlling for baseline, state anxiety (Baeken et al., 2011). Other 

studies showed that fast rTMS over the left DLPFC decreased salivary cortisol levels in 

patients with depression (Baeken et al., 2009a) and bulimia (Claudino et al., 2010). The 

potent, polarity-dependent tDCS effects on the HPA axis observed in our study might be 

explained by the simultaneous bifrontal modulation, since previous models have suggested 

that HPA activity decreases or increases according to left and right DLPFC activity, 

respectively (Cerqueira et al., 2008). In addition, such effects were bolder when presenting 

negative valence imagery, demonstrating that they specifically demanded greater dorsolateral 

prefrontal cortical processing, thus amplifying subsequent tDCS effects (in contrast with 

neutral images that demand no specific, lateralized affective processing). In fact, tDCS was 

able to modulate the effects of images on salivary cortisol. This finding goes in agreement 

with tDCS as this technique is associated with modulation - but not induction - of 

spontaneous neuronal firing (Bindman et al., 1964).  

 For HRV, there were two previous studies investigating tDCS effects on HRV. These 

studies showed mixed findings. Vandermeeren et al. (2010) applied anodal, cathodal or sham 

tDCS in 30 healthy volunteers, finding no specific effects on HRV. In this study, the active 

reference was over the midline frontal cortex and an extra-cephalic reference was used. 

Conversely, Montenegro et al. (2011) applied anodal tDCS over the left temporal area 

(reference electrode: contra-lateral supraorbital area), observing an increase in HF-HRV and a 

decrease in LF-HRV values. However, this effect was observed only in athletic (as compared 

to non-athletic) subjects who were professional road race cyclists and, therefore, they do not 

constitute a fully representative sample. In our study, we found no main polarity effects on 

LF- and HF-HRV measures; nevertheless, a higher vagal activity was observed for left anodal 

tDCS during negative valence imagery. Here, the same framework applied for cortisol 

changing holds: left DLPFC activity was increased during anodal stimulation, thereby 

increasing the influence of the parasympathetic branch on the heartbeat – in fact, this effect 

was significant only during negative valence imagery that demands greater and specific 

DLPFC processing. However, we did not observe specific effects for the LF-HRV measures. 

In fact, it should be underscored that LF is not a “pure” marker: although described as a 

sympathetic marker, LF might reflect vagal activity as well (ESC, 1996). Therefore, we 

cannot definitely exclude sympathetic tDCS modulatory effects – further studies could use 

other techniques (e.g., skin conductance) to investigate this topic. 

Regarding subjective emotional assessment (VAS scales), we observed no specific 

tDCS effects. Remarkably, a seminal study performed by Lippold & Redfearn (1964) 

suggested a potent, single-session, polarity-dependent tDCS effect, observing that subjects 

were quieter after cathodal and more agitated after anodal stimulation; recent studies 
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generally showed no affective changes after one session of tDCS in healthy subjects. For 

instance, using a similar bifrontal tDCS montage than ours, Plazier et al. (2011) did not 

observe profound mood changes in healthy subjects. Also, Koenigs et al. (2009) tried to 

replicate Lippold & Redfearn’s previous study using a similar design, although with more 

complete mood assessments. They observed no significant mood changes. Remarkably, they 

also evaluated mood and skin conductance changes after arousing IAPS pictures and tDCS, 

observing no interaction effects. Nevertheless, two previous studies assessed the effects of 

tDCS with images that were either unpleasant (Boggio et al., 2009) or had negative valence 

(Pena-Gomez et al., 2011), showing significant interactions between them. The discrepant 

findings compared to our study can be possibly explained by an underpowered analysis, as we 

collected data only after one set of images whereas these studies assessed VAS after each 

image. In fact, assessing subjective mood changes after continued, repetitive exposition of 

negative images could have allowed an emotional regulation for them – i.e., after the initial, 

impacting images that triggered emotional responses, the subject could have coped (i.e. 

cognitively reappraised) the subsequent imagery, thus leading to an overall less important net 

effect. Nonetheless, we opted for this design (instead of consecutively randomizing images 

with difference valences) as our primary aim was to assess the physiological HRV and 

cortisol responses rather than actively assessed their mood feelings towards the imagery. 

Interestingly, positive mood was inversely and directly associated with cortisol and 

HF-HRV, respectively, throughout the experiment, i.e., higher mood ratings were related with 

lower cortisol and higher HF-HRV values. In addition, HF-HRV and cortisol values were 

inversely related during anodal stimulation. These findings corroborate the hypothesis of 

anodal tDCS effects on the left DLPFC and top-down modulation of subcortical structures 

(indexed by cortisol and HRV).  

Of note, we observed no association for cathodal stimulation and HRV, and no 

association for HF-HRV and cortisol during cathodal stimulation. Also, cathodal stimulation 

did not increase cortisol levels as compared to sham. This might suggest that this type of 

stimulation is less potent than anodal tDCS in inducing SAM and HPA modulation, at least in 

healthy subjects who present adequate resilience to negative emotional stimuli. One 

hypothesis is that, in such samples, it might be easier to enhance stress resilience through 

anodal DLPFC stimulation than decrease it – possibly because other cortical mechanisms can 

play DLPFC role in top-down modulation and/or their amygdala is less prone to marked 

activation. Future studies could investigate whether these findings would be similar in 

patients with anxiety and depressive disorders.   

Limitations 
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 One limitation of our study is the relatively low spatial resolution of tDCS (Brunoni 

et al., 2011c). Therefore, other brain regions besides the DLPFC could also have been 

modulated. Since adjacent brain areas are also involved in affective processing, we cannot 

determine to which extent a possible adjacent modulation could have influenced the results 

(Wager et al., 2003). For instance, the ventromedial prefrontal cortex and orbitofrontal cortex 

are localized immediately below the DLPFC and are associated with emotional/affective 

processing (Koenigs and Grafman, 2009) – in fact, the activation of the ventromedial 

prefrontal cortex predicts antidepressant response of rTMS (Kito et al., 2012). Thus, the 

interpretation of our findings should also consider that the modulation of these areas could 

have occurred, either directly or indirectly, considering the connections of the DLPFC with 

them – and, hence, that the observed effects could be also explained by their 

hypo/hyperactivation. Interestingly, Fregni et al. (2005) showed that moving the electrodes 

from DLPFC 5cm back to the primary motor cortex abolished tDCS effects on working 

memory, suggesting at least certain spatial resolution for tDCS. Technological advancement 

now allows fMRI studies during active tDCS, which might clarify to which extent areas 

beyond the DLPFC are activated during its stimulation.  

Another limitation is that we did not explore the effects of tDCS on positive valence 

imagery, which could have been interesting as to further investigate cortical-subcortical 

processing. However, we chose to focus on negative valence imagery, as they tend to elicit 

stronger psychophysiological responses (Bradley et al., 2001). Finally, we did not randomize 

the block order, which could have influenced the results – we opted for having the same order 

as to maximize the contrast between negative and neutral images (as phase II always showed 

pictures of neutral valence).  

Conclusion 

To conclude, our results suggest that cortisol and HRV values – markers of 

autonomous and neuroendocrine systems – change after one single-session of non-invasive 

brain stimulation over the DLPFC during negative visual stimuli. Such changes vary and 

depend on tDCS polarity and the affective salience on imagery. We found that left anodal 

DLPFC stimulation was associated with lower cortisol levels and with higher HF-HRV 

measures as compared to sham stimulation. When anodal vs. cathodal tDCS were specifically 

compared, cortisol levels increased with cathodal and decreased with anodal stimulation, 

these effects being more pronounced during visual negative stimuli. Taken together, our 

findings suggest that tDCS is able to induce transient, modulatory top-down effects by 

showing that modulation of DLPFC excitability can also down-regulate the HPA and SAM 

systems. This can be an interesting framework for using tDCS in mood and anxiety disorders, 
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in which such systems are dysfunctional. Our findings also support the safety of tDCS. 

Therefore, our findings give additional evidence for the specific relationship between DLPFC 

activity and HPA and SAM regulation and thus encourage further research using tDCS and 

neuroendocrine markers to explore the mechanisms of affective processing and top-down 

regulation in healthy and clinical samples.  
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Table 1. Dependent variables values during transcranial direct current stimulation and 

negative and neutral valence imagery.  

Table 2.  Repeated-measures ANOVA results for the interaction between the main 

outcomes and the independent variables. 

Figure 1. Study design. Each session was composed by four consecutive phases, 

each of which lasting approximately 10 minutes: in the first phase the subject just remained 

sat, with eyes-open and electrodes positioned. In the second phase, transcranial direct current 

stimulation (tDCS) was started and neutral valence images were showed. In the third and 

fourth phases images of negative and neutral valences were showed, respectively. Heart rate 

variability, VAS and salivary cortisol were collected and analyzed during the 3
rd

 and 4
th
 

phases. Each patient attended to three sessions in a randomized order, as to receive left anodal 

/ right cathodal, left cathodal / right anodal or sham stimulation. 

Figure 2. HF-HRV according to polarity and valence. The graph shows high-

frequency heart rate variability (HF-HRV) values (natural logarithmic transformation) 

according to the polarity (anodal, cathodal or sham) and the valence of imagery (negative and 

neutral). As depicted, vagal activation was higher during anodal stimulation and negative 

imagery. Bars represent standard errors (SE). 

Figure 3. Salivary cortisol according to polarity and valence. The graph shows 

high-frequency salivary cortisol values (square root transformation) according to the polarity 

(anodal, cathodal or sham) and the valence of imagery (negative and neutral). As depicted, 

cortisol levels were lower for anodal stimulation, especially during negative imagery. Bars 

represent standard errors (SE). 

 

 


