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A B S T R A C T   

The ability to manipulate dopamine in vivo through non-invasive, reversible mechanisms has the potential to 
impact clinical, translational, and basic research. Recent PET studies have demonstrated increased dopamine 
release in the striatum after bifrontal transcranial direct current stimulation (tDCS). We sought to extend this 
work by examining whether bifrontal tDCS could demonstrate an effect on behavioral and physiological cor-
relates of subcortical dopamine activity. We conducted a preliminary between-subjects study (n = 30) with 
active and sham tDCS and used spontaneous eye blink rate (EBR), facial attractiveness ratings, and greyscales 
orienting bias as indirect proxies for dopamine functioning. The initial design and analyses were pre-registered 
(https://osf.io/gmnpc). Stimulation did not significantly affect any of the three measures, though effect sizes 
were often moderately large and were all in the predicted directions. Additional exploratory analyses suggested 
that stimulation’s effect on EBR might depend on pre-stimulation dopamine levels. Our results suggest that larger 
samples than those that are standard in tDCS literature should be used to assess the effect of tDCS on dopamine 
using indirect measures. Further, exploratory results add to a growing body of work demonstrating the impor-
tance of accounting for individual differences in tDCS response.   

1. Introduction 

The ability to modulate brain activity in vivo through non-invasive, 
reversible mechanisms is important for advancing clinical, trans-
lational, and basic research. One promising method for non-invasive 
neuromodulation is transcranial direct current stimulation (tDCS). 
tDCS is capable of enhancing or inhibiting brain activity in cortical areas 
by altering neuronal firing rates and neurotransmitter concentrations 
[1–3]. Excitation of the motor cortex via tDCS consistently results in 
improved motor function [4–6]; however, the effects of tDCS on other 
brain areas, such as the frontal cortex, as well as the effects of tDCS on 
cognitive task domains, are less uniform [7–9]. Critically, this method 
has been shown to induce reorganization of functional networks and 
impacts neuroplasticity [10,11]. 

1.1. Stimulating the midbrain with tDCS 

While tDCS is capable of influencing activity across the nodes of 
functional networks when targeting just one cortical site, it is unclear 
how effective tDCS is at modulating subcortical targets. Nevertheless, 
recent research reveals promising evidence indicating an effect of 
cortical stimulation on neurotransmitter concentrations in striatal re-
gions [12,13], as well as functional connectivity in cortico-striatal and 
thalamo-cortical networks [14]. We were specifically interested in the 
possibility of using tDCS to stimulate the dopaminergic midbrain, a 
subcortical system primarily composed of dopaminergic neurons in the 
substantia nigra and ventral tegmental area. Dopamine is important for 
a variety of cognitive and motor behaviors, and the dopaminergic 
midbrain, in particular, is implicated in reward-based decision making, 
learning, and motivated behavior, as well as disease pathology and 
aging [15,16]. Modulating the midbrain using a method such as tDCS 
could contribute to therapeutic advances targeting behaviors and 
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diseases involving dopaminergic dysfunction. Notably, the midbrain is 
both directly and indirectly linked to the prefrontal cortex via meso-
cortical dopaminergic pathways [17–20]. Thus, prefrontal stimulation 
seems to cause a downstream effect in the midbrain through modulation 
of these dopamine-driven connections [12,13]. 

Combining bifrontal tDCS to the left and right dorsolateral prefrontal 
cortex (DLPFC) with positron emission tomography (PET), Fonteneau 
and colleagues [12] recently demonstrated that stimulation induces 
dopamine release in the ventral striatum, which maintains connections 
with the midbrain through the mesolimbic dopaminergic pathway. 
Similarly, Fukai and colleagues [13] demonstrated increased dopamine 
release in the striatum following bifrontal DLPFC stimulation, which 
was also associated with improved accuracy on an attentional control 
task. This relationship between increased striatal dopamine activity and 
cognitive improvement after prefrontal tDCS supports the idea that 
cortical stimulation can be used to affect subcortical dopamine systems 
and associated behavioral functions. 

In addition, tDCS and fMRI studies have shown that frontal stimu-
lation increases signal intensities in the nucleus accumbens, a compo-
nent of the ventral striatum [1]. Clinical studies of patients with major 
depressive disorder have shown that prefrontal repetitive transcranial 
magnetic stimulation (rTMS) also increased dopamine release in the 
striatum, as measured by single photon emission computed tomography 
(SPECT) [21,22]. Further, prefrontal rTMS was shown to have similar 
effects on dopaminergic activity in the striatum as D-amphetamine, a 
dopamine agonist. The developing consensus from these studies is that 
modulation of the meso-cortico-limbic pathway may be a possible 
mechanism of action behind prefrontal tDCS-induced changes in 
subcortical dopamine, as this pathway connects the DLPFC to the ventral 
striatum. In a recent resting state fMRI study, prefrontal tDCS and 
administration of L-Dopa, a precursor to dopamine, enhanced sponta-
neous neural activity in mesostriatal regions [23]. Thus, this body of 
research supports the idea that the meso-cortico-limbic pathway may be 
involved in the application of prefrontal tDCS as a moderator of 
subcortical dopamine activity. 

1.2. Behavioral measures of dopamine 

While the research discussed thus far involves more direct measures 
of brain activity, such as PET and fMRI, more cost-effective and acces-
sible behavioral and physiological measures have been used to indirectly 
estimate dopamine levels in humans. For example, behavioral para-
digms using facial attractiveness ratings have been used to measure 
subcortical dopamine, as this particular type of task has demonstrated 
an association with midbrain activity [24]. As demonstrated by Chib and 
colleagues [24], stimulation of the prefrontal cortex with tDCS has been 
successful in increasing appraisals of facial attractiveness, presumably 
by way of remotely activating the dopaminergic pathways that lead to 
the midbrain, which then results in increased ventral midbrain activity. 
Thus, after administration of tDCS, facial attractiveness ratings were 
positively correlated with ventral midbrain activity [24]. Research has 
also shown that facial attractiveness paradigms activate reward circuitry 
through frontal-striatal dopaminergic pathways [25–28]. In addition, 
reward-related brain regions have been shown to express a linear change 
in activity with increasing or decreasing attractiveness judgments, 
though some of these regions are preferentially responsive based on the 
subjects’ gender [26]. Males show a stronger relationship between 
attractiveness judgments and activity in the orbito-frontal cortex, but 
other reward regions do not demonstrate sex differences. Due to the 
connection between facial attractiveness appraisals, reward-related 
brain regions, and dopamine functioning, facial attractiveness rating 
might serve as a proxy of subcortical dopamine levels. 

Additionally, research suggests that orienting bias in visual attention 
is another potential proxy of subcortical dopamine functioning, as this 
phenomenon is related to D2 receptor asymmetries in the striatum [29]. 
Orienting bias toward the left visual hemispace, specifically, is thought 

to arise from a right hemispheric specialization in spatial information 
processing. This relationship between orienting bias and dopamine is 
substantiated by PET evidence exhibiting that pseudoneglect, or the 
natural tendency to shift visual attention to the left hemispace, reflects 
disparities in the lateralization of dopamine systems in the striatum 
[30]. Additionally, differences in spatial attention have been predicted 
by genetic variations of the dopamine transporter gene [31,32]. Thus, 
the degree to which an individual maintains a leftward orienting bias 
can be used as an additional variable to indirectly inform differences in 
subcortical dopamine activity. 

Lastly, spontaneous eye blink rate (EBR) is also often used as a 
physiological proxy for dopamine levels. Baseline blink rate and tonic 
dopamine activity have been positively correlated in a number of studies 
[33–35]. Further, neuroimaging work has demonstrated a link between 
EBR and dopamine D2 receptors [36], though more recent PET studies 
have failed to replicate these findings [37,38]. However, both D1 and D2 
agonists have been implicated in a dose-dependent relationship with 
EBR [39–42], and current research continues to employ this method as 
an indirect measure of tonic dopamine functioning [43]. Moreover, 
work by Slagter and colleagues [44] demonstrates that EBR predicts 
individual differences in pseudoneglect, and, as these measures have 
both been related to dopaminergic activity, their relationship to each 
other further implicates EBR as an indirect correlate for dopamine. 

1.3. Current study 

To extend previous work, we examined the effects of prefrontal tDCS 
on subcortical dopamine activity using three behavioral and physio-
logical correlates of dopamine - facial attractiveness ratings, visuospatial 
orienting bias, and EBR. Our primary goal was to use indirect measures 
of dopamine functioning to replicate previous work that used more 
direct measures, such as PET and fMRI. Establishing a method by which 
the impact of tDCS on dopamine might be measured without expensive 
fMRI or PET imaging would allow for a more accessible approach that 
future researchers can use to explore this relationship. We were also 
interested in evaluating the possible influence of individual variability 
in response to tDCS using the impact of baseline dopamine on changes in 
dopamine function following stimulation, through a post hoc compari-
son. Research suggests that the efficacy of tDCS may be related to in-
dividual differences in dopamine genes associated with various factors 
(e.g., attentional orienting bias, response to reward, and working 
memory) [32,45,46]; this method may, therefore, exert differing effects 
on behavior, depending upon an individual’s receptiveness to stimula-
tion [47–49]. Therefore, we used a mixed design wherein stimulation 
condition (active or sham) was implemented as a between-subjects 
variable, while behavioral and physiological data was collected both 
before and after stimulation as a within-subjects variable. Both before 
and after tDCS, we used EBR, a facial attractiveness paradigm, and a 
greyscales orienting bias task as a multilayered, indirect index of 
subcortical dopamine levels. 

There is evidence to suggest that the efficacy of tDCS is impacted by 
the stimulation approach (offline vs. online) [50]. In a recent 
meta-analysis, it was found that stimulation produced working memory 
improvements in healthy subjects for offline tasks, but not online tasks 
[51]. Notably, working memory performance is tied to prefrontal 
dopamine functioning [52,53]. Thus, an offline stimulation approach 
may be more effective for observing tDCS effects on dopamine-related 
behaviors in healthy individuals. Further, Fonteneau and colleagues 
[12] specifically observed differences in striatal dopamine levels 20–35 
minutes after bifrontal DLPFC stimulation, but no differences were 
observed during the stimulation period. This suggests that online DLPFC 
stimulation may not be optimal for measuring changes in subcortical 
dopamine activity. As we were interested in evaluating the effect of 
bifrontal tDCS on subcortical dopamine activity in healthy individuals, 
we chose to use an offline stimulation approach for the current study. 

For our stimulation montage, we used an anode over the left 
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dorsolateral prefrontal cortex (lDLPFC) and a cathode over the right 
dorsolateral prefrontal cortex (rDLPFC). Previous research demon-
strating increases in subcortical dopamine activity after bifrontal stim-
ulation in healthy individuals used this particular montage [12,13], and 
our experimental design was pre-registered as a replication of this work. 
In addition, rTMS over the lDLPFC is associated with increased striatal 
dopamine in clinical patients, and exhibits effects similar to dopami-
nergic agonists [21,22]. As such, we chose to adopt this specific montage 
for the current study as our goal was to indirectly modulate subcortical 
dopamine activity and observe the resulting impacts on 
dopamine-related behaviors. 

We predicted that active tDCS would increase midbrain dopamine 
levels as evidenced by a downstream impact on behavior and physi-
ology. More specifically, we expected higher ratings on the facial 
attractiveness paradigm and a decrease in leftward attentional bias 
following active stimulation relative to sham, as well as an increase in 
average EBR. These hypotheses are based on the literature implicating 
the meso-cortico-limbic dopamine pathway in facial attractiveness ap-
praisals, visuospatial attention, and blink rate [26–30]. However, taking 
individual differences into account, we further predicted that baseline 
dopamine levels, as quantified by behavioral and physiological proxies, 
would impact response to tDCS. This hypothesis is based on research 
wherein inter-individual differences in baseline dopamine, as a product 
of genetic variability, were shown to influence behavioral outcomes, 
such as attentional bias and activation of reward systems [32,45,46]. 
Our experimental design and outline for a priori analyses were 
pre-registered on Open Science Framework before data collection began, 
and our post hoc analyses are outlined with the statistical approach for 
this study. 

2. Methods 

2.1. Participants 

We determined our sample size relative to Fonteneau and colleagues 
[12], thus thirty-four healthy young adults participated in the study. 
Four participants were excluded from analyses due to technical diffi-
culties with data collection (n = 1), discomfort from stimulation (n = 1), 
or issues establishing an adequate connection (n = 2) as thick, curly hair 
can obstruct electrodes when using the particular montage employed 
here. As such, our final sample included thirty participants (mean age =
22.43 ± 3.15 years, 11 females). All subjects were right-handed and did 
not have a history of neurological illness. In addition, none of the par-
ticipants were taking medication that may affect the central nervous 
system and none had consumed alcohol or used illicit substances on the 
day of the experiment. All subjects were screened according to the IRB 
approved exclusion criteria for tDCS studies [11]. Participation was 
limited to those that had not completed other studies involving tDCS in 
the past. Recruitment was executed through either the Texas A&M 
University Psychology Subject Pool or bulk email, and all subjects were 
compensated $10/hour for participation. All procedures were approved 
by the Institutional Review Board at Texas A&M University, and written 
informed consent was obtained from all participants. 

2.2. Transcranial direct current stimulation 

We used a mixed design with stimulation condition as a between- 
subjects variable. Each subject participated in only one session and 
received either sham or active stimulation. Participants were randomly 
assigned to a stimulation group upon enrollment in the study. All par-
ticipants were blind to the condition until the debriefing period at the 
end of the study. tDCS was administered using a Soterix 1 × 1 Low- 
Intensity Transcranial Electrical Stimulator and two 5cm x 7cm 
sponges soaked in saline (Soterix Medical, New York, NY). Six milliliters 
of saline solution, concentrated at 0.9 % salt, was applied to each side of 
the sponges. An electrode was placed inside each sponge and attached to 

the scalp using elastic bands. The electrodes were placed on F3 and F4, 
the areas corresponding to the lDLPFC and rDLPFC, respectively, ac-
cording to the 10–20 measurement system. The anode was placed over 
the lDLPFC while the cathode was placed over the rDLPFC, in line with 
previous work [12,13]. An initial stimulation of 1.0mA was delivered for 
30 s in each session regardless of stimulation condition, allowing the 
current to break through the scalp and establish an adequate connection. 
Once optimal contact quality between the electrodes and the scalp was 
established, stimulation began and current gradually increased until the 
desired intensity of 2.0mA was reached. tDCS was administered at a 
steady 2.0mA for a period of 20 min during the active stimulation ses-
sions. During sham stimulation, however, participants only experienced 
a current of 2.0mA at the first and last 30 s of the 20-minute period, 
while a current of 0mA was delivered for the remaining time in these 
sessions - this was meant to simulate the sensation of stimulation 
without affecting brain function. In order to assess the effectiveness of 
this sham procedure, questions concerning the subjects’ perception of 
stimulation condition were included in a final survey at the end of the 
session before the condition received was fully disclosed. 

2.3. Behavioral assessments 

Two behavioral tasks associated with dopaminergic activity were 
implemented before and after tDCS to index any changes that may occur 
in response to stimulation. One task was modeled after a facial attrac-
tiveness rating paradigm by Chib and colleagues [24] where subjects 
were presented with a neutral-expression facial image and instructed to 
rate the attractiveness of that image on a scale of 1–7 (Fig. 1), where “1” 
indicated a low attractiveness score while “7” indicated a high attrac-
tiveness score. These ratings were made using a computer keyboard. 
Participants completed 72 trials both before and after tDCS for a total of 
144 trials. The faces were displayed on the computer screen until the 
participant made a response, at which point the next stimulus would be 
presented after an inter-stimulus interval of 1000 ms. The images were 
taken from the Chicago Face Database, Version 2.0.3 [54], which in-
cludes normative ratings of attractiveness for each face. The faces were 
grouped and randomized such that each set, both before and after 
stimulation, was equal in mean attractiveness. The image sets were also 
generated to include an equal percentage of male and female faces and 
an equal proportion of Asian, Black, Latinx, and Caucasian faces. We 
measured the difference in average attractiveness ratings between 
pre-tDCS and post-tDCS performance. 

The greyscales paradigm (Fig. 2) was used to assess the degree of 
leftward visuospatial bias exhibited by each individual. The task pa-
rameters were consistent with those used by Tomer and colleagues [30]. 

Fig. 1. Facial attractiveness rating paradigm. Participants were instructed to 
rate the attractiveness of a facial image on a scale of 1-7 using the computer 
keyboard. Facial images were presented on the screen until the participant 
made a response, and the next stimulus was shown after an inter-trial interval of 
1000 ms. The task consisted of 72 trials, administered both before and 
after tDCS. 
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Two rectangles containing a black to white gradient were presented on a 
computer screen for 5000 ms and each subject was instructed to choose 
the rectangle that appeared darker overall. After 5000 ms passed, the 
rectangles were whited-out. The next gradient stimulus was not pre-
sented until a response was made. If the participant made a response 
before the gradients became completely white, the trial ended and the 
next stimulus appeared after an inter-stimulus interval of 1500 ms. 
Subjects were instructed to press “B” to indicate that they chose the 
bottom rectangle or “T” to indicate that they chose the top rectangle. 
Following an initial practice portion of 12 trials, the task included 144 
experimental trials [30] and was administered both before and after 
stimulation. In the first half of the trials, a difference in luminosity was 
present, but in the second half there was no difference in darkness be-
tween the rectangles. Leftward attentional bias was measured as the 
proportion of trials where the subject chose the rectangle with a gradient 
beginning on the left side as the darker stimulus overall when both 
rectangles were in fact the same. In addition, looking only at error trials 
where subjects failed to accurately respond, attentional bias was 
calculated for trials in which a difference in darkness was indeed present 
between rectangles. However, the latter calculation was a supplemen-
tary assessment of orienting bias. An increase in dopamine following 
active tDCS would result in a reduction of leftward attentional bias after 
stimulation, relative to before. Therefore, dopaminergic modulation was 
indirectly indexed by the difference in leftward attentional bias between 
pre- and post-tDCS performance. 

2.4. Physiological assessment 

In addition to the behavioral assessments, spontaneous eye blink rate 
(EBR) was recorded as a physiological marker of dopaminergic activity 
both before and after the stimulation period. Using Ag/AgCl electrodes 
and a BIOPAC EOG100C Electrooculogram Amplifier, eye movements 
were recorded upon securing two receiving electrodes around the right 
eye and one ground electrode between the eyebrows (BIOPAC Systems, 
Inc., Goleta, CA). Participants were instructed to focus on, but not stare 

at, a fixation cross without engaging in any activity while their natural 
blink rate was recorded for a 5-minute period. This was preceded by a 
30-second baseline recording where markings distinguishing between 
eye movements and eye blinks were made to assist in subsequent data 
analysis. This procedure was repeated again after tDCS, and blinks were 
manually counted by two separate raters before a blink rate average per 
30-second interval was calculated for each subject. Inter-rater reliability 
for the total number of blinks during each 5-minute recording was very 
high (r = 0.99). We measured the difference in average EBR after tDCS, 
relative to before, to gauge any changes in tonic dopamine activity as a 
result of stimulation. 

2.5. Procedure 

Upon arrival, participants were given a brief overview of the study 
procedures and completed a consent form. Participants then performed 
the greyscales and facial attractiveness tasks to provide baseline 
behavioral assessments. The order of these tasks was counterbalanced 
across all subjects. Once both tasks were completed, EBR setup began 
and recordings were conducted for a period of 5 min while the partici-
pant fixated on a cross as instructed. Following this period, the EBR 
electrodes were disconnected from the amplifier but left attached to the 
subject during tDCS to keep placements consistent and minimize vari-
ability between pre-tDCS and post-tDCS recordings. Participants then 
received 20 min of either sham or active stimulation, based on random 
stimulation group assignment. After tDCS was completed, the equip-
ment was removed and a brief demographic survey was administered. 
EBR electrodes were then reconnected to the amplifier to complete 
another 5-minute period of eye blink recording before a second round of 
the same behavioral tasks took place. In addition, a questionnaire 
regarding sensations from tDCS was administered to collect information 
on the subjects’ experience. Finally, each participant was debriefed on 
the purpose of the study and the stimulation condition was revealed. 

2.6. Data analyses 

All analyses not listed as exploratory were pre-registered, along with 
the study design, on Open Science Framework (https://osf.io/gmnpc). 
Independent samples t-tests were used to assess the effects of stimulation 
condition on each dopamine correlate individually, where the depen-
dent variable was change in the measure (post stimulation - pre stimu-
lation). Independent samples t-tests were also used to compare measures 
across stimulation groups prior to stimulation to ensure that any dif-
ference in the post-stimulation measures was not due to group differ-
ences prior to stimulation. Finally, Bayes factors (BF01) were calculated 
for each test to quantify the likelihood of a null result (no effect of tDCS) 
vs. the pre-registered a-priori hypotheses. These Bayes factors represent 
how likely the null hypothesis is in comparison to the alternative. 
Following previous work [55], a Bayes factor of greater than or equal to 
3, meaning the null is 3 times more likely than the alternative, was 
considered to conclusively support a null result. 

Because mean facial attractiveness ratings were skewed towards the 
lower end of the rating scale (M = 3.18, Max = 4.72, Min = 1.08), 
attractiveness ratings were max-normalized following Chib and col-
leagues [24]. All subsequent references to attractiveness ratings refer to 
these max-normalized ratings. Additional analyses regarding the gender 
of the faces and participants’ sexual preference can be found in the 
supplementary materials. 

Previous work relating leftward bias on the greyscales task to 
dopamine systems has focused primarily on bias in trials on which there 
is no difference in darkness between stimuli [29,30,32,44]. However, 
previous work has also shown that on greyscales trials in which there is a 
difference between the darkness of stimuli, the leftward bias on error 
trials is correlated with leftward bias on trials with equally dark stimuli 
and might also be related to striatal dopamine [29,30]. Therefore, we 
examined the effect of stimulation on bias in trials where there is no 

Fig. 2. Greyscales paradigm. Participants were instructed to choose the rect-
angle that appeared darker overall using the “B” key for bottom and the “T” key 
for top on the computer keyboard (a). After 5000 ms passed, the rectangles 
were whited-out until the participant made a response (b). The task consisted of 
144 trials, administered both before and after tDCS. 
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difference between stimuli, but bias in trials on which there is a differ-
ence is examined in the supplementary materials. Leftward bias was 
calculated as the percent of trials on which the rectangle that was darker 
on the left was chosen. On trials in which there was no difference in 
darkness between the two stimuli, participants displayed a leftward bias 
prior to the stimulation period (M = 64.58 %, SD = 20.38 %), after the 
stimulation period (M = 63.89 %, SD = 25.41 %), and across both time 
points (M = 64.24 %, SD = 22.84 %). 

Sham stimulation effectiveness was first assessed by examining the 
survey question that asked which condition participants believed they 
were in. Results are reported descriptively in Table 1 and are analyzed 
formally in the supplemental materials. Due to unexpected differences in 
the gender composition of stimulation groups, we conducted additional 
follow-up analyses to assess gender effects on our primary conclusions; 
we found no effects of gender. These analyses are reported in the sup-
plementary materials. 

As exploratory analyses, we were interested in whether the effect of 
tDCS on one behavioral measure might depend upon an individual’s 
baseline (pre-stimulation) dopamine as measured by the three tasks. We 
aimed to aggregate scores across the three tasks to operationalize 
baseline dopamine. However, to test whether the three pre-stimulation 
measures (attractiveness ratings, leftward bias, and EBR) were related 
enough to aggregate across, we ran a factor analysis to confirm that the 
three measures loaded onto a single factor. Then, three regressions were 
conducted in which the DV was change in one measure (post-stimulation 
minus pre-stimulation), and the IVs were stimulation condition and a 
composite formed using the other two measures (formed by converting 
the measures to z-scores and averaging across them), hereafter referred 
to as a baseline dopamine composite. For leftward bias scores, z-scores 
were sign-flipped prior to averaging, as a lower leftward bias is indica-
tive of greater dopamine. We purposefully did not, for example, include 
baseline EBR in the composite if change in EBR was the DV to avoid 
issues that might arise from including the same measure in both. Thus, 
the composite for each regression was only composed of two of the three 
measures. However, conclusions did not change when all three measures 
were included in the baseline dopamine composite score. 

All p-values reported in the exploratory analyses section are false- 
discovery rate (FDR) corrected (pADJ). Resulting p-values that 
remained below .05 following FDR correction were considered signifi-
cant. Additional analyses that led to the conclusion reached in the 
‘Exploratory Analyses’ section may be found in the Supplementary 
Materials and were included in the multiple comparisons corrections. 

All analyses were conducted using R 3.6.2 [56] and JASP 0.9.2 [57]. 

3. Results 

3.1. Pre-registered analyses 

Prior to stimulation, there was no significant difference across 
stimulation groups in leftward bias on the greyscales task t(27.90) =
0.50, p = .62. There was no effect of stimulation condition on change in 
leftward bias, t(19.72) = 1.27, p = .22, d = 0.47 (see Fig. 3A). Bayesian 
analyses did not yield strong conclusions favoring the null or the alter-
native hypotheses (BF01 = 0.92). However, the active stimulation group 
exhibited a greater decrease in bias following stimulation (M = -5.19 %, 
SD = 24.78 %) than the sham stimulation group (M = 3.80 %, SD =
11.45 %), in line with predictions. 

Prior to stimulation, there was no significant difference between 
stimulation groups in attractiveness ratings in response to faces t(24.45) 
= 0.05, p = .96. There was no effect of stimulation condition on change 
in attractiveness ratings, t(23.73) = 0.64, p = .53, d = 0.23 (see Fig. 3B). 
The null hypothesis was more likely than the alternative, but not 
conclusively so (BF01 = 1.76). 

Prior to stimulation, there was no significant difference between 
stimulation groups in EBR, t(29.97) = 0.31, p = .76. There was no effect 
of stimulation on change in EBR (t(24.31) = 1.19, p = .25, d = 0.42; see 
Fig. 3C). Bayesian analyses were inconclusive - they did not strongly 
support the null or the alternative hypothesis (BF01 = 1.22). The di-
rection of the effect was, however, in line with predictions; there was a 
larger increase in EBR following active stimulation (M = 3.90, SD =
10.15) compared to sham stimulation (M = 0.81, SD = 5.92). 

3.2. Exploratory analyses 

Although stimulation did not significantly affect any of the measures 
across the entire sample, effects were in the expected direction. We 
reasoned that this might, in part, be due to individual variability in 
response to tDCS. Because some prior work has found variability in tDCS 
response to depend upon dopamine-related genes [46–48,58], we 
examined an individual’s baseline dopamine (operationalized as an 
aggregate of our measures) prior to stimulation as a possible predictor of 
tDCS effects. 

Prior to aggregating across the three measures, we conducted an 
exploratory factor analysis to assess whether the measures all loaded 
onto a single factor. An examination of the scree plot (Fig. S1) indicated 
that the single factor solution was the only model that yielded eigen-
values above one. The one factor solution, which accounted for 41 % of 
the variance, was indeed the best-fitting solution (factor loadings are 
listed in Table S1). 

When pre-stimulation greyscales bias and attractiveness ratings were 
aggregated to assess overall baseline dopamine, there was a significant 
interaction between stimulation condition and composite baseline 
dopamine in predicting change in EBR (β = -1.13, pADJ = .02, R2

adj = .29; 
see Fig. 4). Within participants that received active stimulation, change 
in EBR was positively correlated with the composite baseline dopamine 
score (β = .58, pADJ = .04). Within participants that received sham 
stimulation, change in EBR was negatively correlated with composite 
baseline dopamine score (β = -.61, pADJ = .04). Together, these results 
suggest that tDCS was more effective in increasing EBR for participants 
with higher levels of dopamine prior to stimulation. There was no sig-
nificant interaction between stimulation condition and composite 
baseline dopamine score in predicting change in facial attractiveness 
ratings (β = .47, pADJ = .30, R2

adj = -.02) or leftward bias (β = -.42, pADJ 
= .34, R2

adj = .01). 

4. Discussion 

The current work sought to replicate previous PET studies that report 
an increase in striatal dopamine following tDCS using an anode over F3 
and a cathode over F4 by using the same montage and three indirect 

Table 1 
Demographics and Placebo Effectiveness.   

Active (n = 15) Sham (n = 15) 

Demographic Information 
Gender (F/M) 7/8 4/11 
Age 23.27 (3.41) 21.60 (2.72) 
Sensation Questionnaire 
Itching 2.47 (1.12) 2.25 (1.12) 
Pain 1.93 (0.88) 1.69 (0.79) 
Burning 2.33 (1.23) 1.94 (1.00) 
Warmth/Heat 2.20 (1.01) 2.13 (1.09) 
Pinching 1.93 (1.16) 1.63 (0.89) 
Metallic/Iron Taste 1.00 (0.00) 1.06 (0.25) 
Fatigue 1.47 (0.52) 1.56 (0.96) 
Stimulation Awareness 
Real 9 9 
Sham 1 2 
I don’t know 5 4 

Notes: Means and standard deviations are presented for age and each sensation. 
Sensations were rated on a scale from 1 to 5. Number of respondents that gave 
each answer for stimulation awareness question is presented. 
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measures of dopamine. We failed to find support for our pre-registered 
hypotheses - that tDCS would increase EBR, increase facial attractive-
ness ratings, and decrease leftward visuospatial bias, all theoretically 
indicative of an increase in dopamine. In exploratory analyses, we found 
that the effect of tDCS on EBR was significantly moderated by an in-
dividual’s pre-stimulation dopamine, as measured by their scores on the 
facial attractiveness and greyscales tasks. Participants with scores indi-
cating higher baseline dopamine exhibited a greater increase in EBR as a 
result of active stimulation and those with lower baseline dopamine 
scores experienced no change or a decrease in EBR. In the sham stimu-
lation group, this relationship was reversed. 

Two recent studies using the same tDCS montage as the current work 
reported an increase in striatal dopamine as measured by PET [12,13]. 
While we were not able to detect the same change in our sample using 
indirect measures, all effects were in the predicted direction. Further, 
the effect sizes of the changes were moderate, particularly for changes in 
EBR (d = .42) and leftward bias (d = .47), and Bayesian analyses indi-
cated that the null hypothesis (that tDCS did not affect the measures) 
was not conclusively more likely than the alternative (BF01s). Therefore, 
it is possible that the indirect measures are not sensitive enough to detect 

any tDCS-induced changes in dopamine in a between-subjects sample of 
this size (n = 30). In line with this idea, Fukai and colleagues [13] 
estimated an effect size of 1.27 using PET measures of dopamine, a 
substantially larger effect than those reported here. 

While our pre-registered sample size can be considered standard in 
the tDCS literature - one meta-analysis of tDCS studies reported an 
average sample size of 21 [59] and a number of tDCS studies published 
in the last year have utilized samples within the same range as ours [12, 
49,60–62]. It was for these reasons that we pre-registered a sample of 30 
participants to establish these preliminary data. However, a retrospec-
tive power analysis in G*Power 3 [63] using the effect sizes reported 
here and a power level of 80 % indicates that a sample of 172 partici-
pants would be necessary to detect any effects in a between-subjects 
design. Because this is such a large sample size for a typical tDCS 
study, collecting an ideal sample size would be best suited for a 
concerted group effort. 

Additionally, a repeated-measures design would likely increase 
power to detect any effects of tDCS allowing for a smaller sample than 
the 172-participant estimate. While the current study was aimed toward 
presenting preliminary data using a pre-registered between-subjects 
design for ease of collection and timely dissemination of results, the 
inconclusive results regarding our primary hypotheses (the effect of 
tDCS on each of the three measures) indicate that a within-subjects 
design is highly advisable in future work. Further, within-subjects de-
signs would also be better suited to test the replicability of our explor-
atory results regarding individual differences in tDCS response. 

It is possible that indirect measures of dopamine, such as EBR, are 
insufficiently sensitive to reliably detect changes in dopamine within 
small, healthy samples. However, a recent review reported that the 
majority of studies examining the effect of dopamine agonists on EBR in 
humans reported no effect, and that all of the studies used samples of less 
than 40 participants [33]. Meanwhile, much of the widely cited litera-
ture linking EBR (the most widely used of the three indirect measures in 
this study) to dopamine in humans is related to clinical populations - 
individuals with Parkinson’s disease exhibit decreased EBR [64], in-
dividuals with schizophrenia exhibit increased EBR [65], and chronic 
cocaine users exhibit decreased EBR [66]. This pattern in the literature 
may indicate that, in smaller samples, EBR is only sensitive enough to 
detect dopamine differences in clinical populations rather than 
intervention-induced changes in healthy populations. No work to date 
has examined changes in facial attractiveness ratings after administra-
tion of a dopamine agonist, and the few studies finding changes in vi-
suospatial bias in response to drug manipulations rely on case studies of 
clinical patients [67,68], rather than larger healthy samples. 

Of course, it is also possible that the relationships between indirect 
dopamine measures and direct dopamine measures are still nonsignifi-
cant in larger healthy samples. However, as demonstrated in the current 
work, sample sizes considered standard in tDCS and PET literature are 

Fig. 3. Pre-registered analyses assessing the effects of tDCS on changes in leftward bias on the greyscales task (A), attractiveness ratings (B), and EBR (C). All changes 
were calculated as post-stimulation minus pre-stimulation. No effects of stimulation were significant, although all effects were in the predicted direction. Error bars 
represent standard error. 

Fig. 4. Interaction between baseline dopamine composite score (formed using 
pre-stimulation leftward bias and attractiveness ratings) and change in EBR 
following stimulation. Change in EBR following the stimulation period was 
positively correlated with baseline dopamine for the active stimulation partic-
ipants, but negatively correlated for the sham stimulation group. 
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still likely insufficient to demonstrate (using Bayesian analyses) that no 
relationship between direct and indirect measures is more likely than a 
weak relationship [69,70].Therefore, even if the measures used in the 
current work are unrelated to dopamine in healthy human samples, the 
field would greatly benefit from an examination of this relationship in 
larger sample sizes. 

It should be noted that Tomer and colleagues [30] found a rela-
tionship between dopamine asymmetry in the striatum and visuospatial 
bias, rather than the absolute value of dopamine in either hemisphere. 
Further, EBR is moderately correlated with visuospatial bias [44], which 
might suggest that EBR is more sensitive to dopamine asymmetry than 
the absolute value of dopamine in the striatum. Future PET work should 
examine this relationship in addition to the relationship between EBR 
and the magnitude of dopamine in the striatum in general. 

The current work failed to replicate a previous study that found an 
increase in facial attractiveness ratings in a sample of 40 participants 
following prefrontal tDCS [24]. This might be due to differences in 
stimulation montage; while the current work employed a bilateral 
DLPFC montage, Chib and colleagues [24] placed their anode over the 
ventromedial prefrontal cortex. Imaging-based parcellations of the 
striatum indicate that the medial PFC and the DLPFC project to different 
areas of the striatum [71,72]. Meanwhile, fMRI studies have consistently 
linked facial attractiveness ratings to activation in the striatum and 
medial areas of the prefrontal cortex [27,28,73], targeted by the 
montage used by Chib and colleagues [24]. However, no work to date 
has examined the relationship between this indirect measure and 
dopamine using PET. 

Exploratory analyses indicated that stimulation may be more effec-
tive in increasing EBR for participants with higher baseline dopamine 
levels than participants with lower baseline dopamine levels. The pos-
itive correlation between baseline dopamine measures and change in 
EBR is in line with some previous work examining the degree to which 
pre-treatment dopamine can modulate the effects of dopamine agonists 
[36,74]. The relationship between dopamine and stimulation effect 
might, in part, explain some reports that tDCS affects healthy samples 
and clinical samples differently [75]. 

However, these exploratory analyses should nonetheless be inter-
preted with caution; while we did take care to correct for the exploratory 
nature of the analyses statistically, they were not hypothesized effects. 
Further, our sample size was not pre-registered with individual differ-
ences in mind and is thus suboptimal for drawing strong conclusions 
about individual differences. This is particularly true given that the re-
sults stand in contrast to PET work examining the effect of the same tDCS 
montage, which concluded that there was no relationship between pre- 
stimulation dopamine and the effects of tDCS [12]. However, neither 
this study nor the previous PET study was well-suited to detect such 
individual differences, even given the increased sensitivity of PET im-
aging compared to the indirect measures used here. While PET studies 
are inherently limited in terms of sample size, future work might wish to 
make use of indirect measures, such as those used here, to establish a 
much larger sample that would be better able to capture the variability 
among participants necessary for strong conclusions regarding individ-
ual differences. 

In contrast to the active stimulation group, there was a negative 
relationship between baseline dopamine and change in EBR in the sham 
stimulation group. The reasons for this unexpected relationship are 
unclear; whatever the cause might be, the positive correlation within the 
active stimulation group seems to exist above and beyond the otherwise 
present negative correlation in the sham stimulation group. Given the 
lack of baseline dopamine influence on tDCS effects in previous PET 
work [12], a more direct measure of dopamine than those used in the 
current study, the conclusions reported here regarding the effects of 
baseline dopamine in both the active and sham groups should be 
interpreted with caution. However, the variability in individual 
response to tDCS seen in our sample is consistent throughout tDCS 
literature [76–79], and the current results add to an existing body of 

work that emphasizes the importance of understanding these individual 
differences. 

4.1. Limitations and future directions 

The main limitation of the current work is the lack of direct measures 
of dopaminergic activity. While the measures used in the current paper 
have been consistently linked to dopamine systems and reward-related 
behavior [27–30,34,35,39–42, 73,80], recent PET studies in humans 
have called the relationship between EBR (the most commonly used of 
those presented here) and dopamine into question [37]. Further, even if 
these measures do reliably index striatal dopamine, they do not provide 
clear information about the mechanism by which prefrontal tDCS 
modulates striatal dopamine. Future studies should build upon the work 
of Fonteneau and colleagues [12] and Fukai and colleagues [13] by 
examining the effects of tDCS stimulation on dopamine receptors in the 
prefrontal cortex using direct measures as well as in-depth analyses of its 
effects on striatocortical network function rather than solely striatal 
function. 

The conclusions drawn in the current work are also limited by the 
small sample size. The sample size was determined and pre-registered 
using other tDCS studies as a reference point. Retrospective power an-
alyses, however, indicate that much larger samples would be needed to 
detect an effect of tDCS on these indirect measures. Further, we were not 
able to provide support for a lack of effect of tDCS on any of our mea-
sures. Future work examining the effects of tDCS on these measures, as 
well as the relationship between these measures and dopamine, should 
aim to utilize larger samples to yield more conclusive results. 

Our sample size is particularly small for individual difference ana-
lyses (although these were not planned during preregistration of the 
study). Because tDCS often yields very variable results, and a number of 
things can influence an individual’s response to tDCS including skull 
thickness, amount of CSF, and genetics [47,81], future work should 
expand on individual differences in stimulation response using larger 
sample sizes than those that are considered the standard in tDCS liter-
ature currently. Further, while the current study utilized a 
between-subjects design to facilitate quick and cost-efficient data 
collection, a repeated-measures design (such as the design employed by 
Fukai and colleagues [13]) might allow for greater statistical power to 
detect any effects of stimulation on indirect dopamine measures as well 
as individual differences in these effects. 

While the current work utilized offline tDCS, primarily in order to 
replicate the stimulation parameters of previous work, it is possible that 
online tDCS might yield different results. Future work should examine 
the effects of online tDCS targeting the dorsolateral prefrontal cortex on 
indirect measures of dopamine to assess this possibility. However, re-
searchers aiming to do so might also wish to take into account the 
previous finding that PET markers of dopamine did not peak in response 
to offline tDCS until 20− 35 min after stimulation, with no significant 
effects during stimulation [12]. 

Understanding how tDCS affects dopamine, and how baseline 
dopamine levels affect an individual’s response to stimulation in gen-
eral, can aid researchers that hope to modulate behavior as well as cli-
nicians that hope to treat disorders using tDCS. Previous work 
examining the effectiveness in treating depression using tDCS, for 
example, has yielded conflicting results [82]; baseline dopamine dif-
ferences across samples might account for some of these differences. 
Moreover, a previous meta-analysis concluded that tDCS was effective in 
modulating executive function in clinical, but not healthy, populations 
[75]; dopamine differences between the two groups may account for this 
difference as well. In any case, controlling for dopamine levels at 
baseline might help identify individuals for which tDCS is maximally 
effective, or not effective, in modulating behavior and treating 
disorders. 
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[23] B. Meyer, C. Mann, M. Götz, A. Gerlicher, V. Saase, K.S.L. Yuen, F. Aedo-Jury, 
G. Gonzalez-Escamilla, A. Stroh, R. Kalisch, Increased neural activity in 
mesostriatal regions after prefrontal transcranial direct current stimulation and L- 
DOPA administration, J. Neurosci. 39 (2019) 5326–5335, https://doi.org/ 
10.1523/JNEUROSCI.3128-18.2019. 

[24] V.S. Chib, K. Yun, H. Takahashi, S. Shimojo, Noninvasive remote activation of the 
ventral midbrain by transcranial direct current stimulation of prefrontal cortex, 
Transl. Psychiatry 3 (2013) e268 (Accessed 13 March 2017), http://www.nature. 
com/tp/journal/v3/n6/abs/tp201344a.html. 

[25] X. Liang, L.A. Zebrowitz, Y. Zhang, Neural activation in the “reward circuit” shows 
a nonlinear response to facial attractiveness, Soc. Neurosci. 5 (2010) 320–334, 
https://doi.org/10.1080/17470911003619916. 

[26] J. Cloutier, T.F. Heatherton, P.J. Whalen, W.M. Kelley, Are attractive people 
rewarding? Sex differences in the neural substrates of facial attractiveness, J. Cogn. 
Neurosci. 20 (2008) 941–951, https://doi.org/10.1162/jocn.2008.20062. 

[27] I. Aharon, N. Etcoff, D. Ariely, C.F. Chabris, E. O’Connor, H.C. Breiter, Beautiful 
faces have variable reward value: fMRI and behavioral evidence, Neuron 32 (2001) 
537–551, https://doi.org/10.1016/S0896-6273(01)00491-3. 

[28] H. Yu, Z. Zhou, X. Zhou, The amygdalostriatal and corticostriatal effective 
connectivity in anticipation and evaluation of facial attractiveness, Brain Cogn. 82 
(2013) 291–300, https://doi.org/10.1016/j.bandc.2013.04.011. 

[29] R. Tomer, Attentional bias as trait: correlations with novelty seeking, 
Neuropsychologia 46 (2008) 2064–2070, https://doi.org/10.1016/j. 
neuropsychologia.2008.02.005. 

[30] R. Tomer, H.A. Slagter, B.T. Christian, A.S. Fox, C.R. King, D. Murali, R. 
J. Davidson, Dopamine asymmetries predict orienting bias in healthy individuals, 
Cereb. Cortex 23 (2013) 2899–2904, https://doi.org/10.1093/cercor/bhs277. 

[31] D.P. Newman, R.G. O’Connell, P.J. Nathan, M.A. Bellgrove, Dopamine transporter 
genotype predicts attentional asymmetry in healthy adults, Neuropsychologia 50 
(2012) 2823–2829, https://doi.org/10.1016/J. 
NEUROPSYCHOLOGIA.2012.08.012. 

[32] P. Zozulinsky, L. Greenbaum, N. Brande-Eilat, Y. Braun, I. Shalev, R. Tomer, 
Dopamine system genes are associated with orienting bias among healthy 
individuals, Neuropsychologia 62 (2014) 48–54, https://doi.org/10.1016/j. 
neuropsychologia.2014.07.005. 

[33] B.J. Jongkees, L.S. Colzato, Spontaneous eye blink rate as predictor of dopamine- 
related cognitive function—a review, Neurosci. Biobehav. Rev. 71 (2016) 58–82, 
https://doi.org/10.1016/j.neubiorev.2016.08.020. 

[34] J.R. Taylor, J.D. Elsworth, M.S. Lawrence, J.R. Sladek, R.H. Roth, D.E. Redmond, 
Spontaneous blink rates correlate with dopamine levels in the caudate nucleus of 
MPTP-treated monkeys, Exp. Neurol. 158 (1999) 214–220, https://doi.org/ 
10.1006/exnr.1999.7093. 

M.J. Imburgio et al.                                                                                                                                                                                                                            

https://osf.io/zhjys/
https://doi.org/10.1016/j.bbr.2020.113091
https://doi.org/10.1016/j.neulet.2011.01.004
https://doi.org/10.1523/JNEUROSCI.4432-08.2009
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1038/s41598-017-00509-w
https://doi.org/10.1371/journal.pone.0127270
https://doi.org/10.1371/journal.pone.0127270
https://doi.org/10.1016/j.bandc.2015.11.005
https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.1162/jocn_a_00956
https://doi.org/10.1016/j.neuropsychologia.2018.04.022
https://doi.org/10.1109/TMI.2019.2915206
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1093/cercor/bhy093
https://doi.org/10.1038/s41398-019-0443-4
https://doi.org/10.1002/hbm.21380
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1016/j.neubiorev.2009.12.008
https://doi.org/10.1016/j.neubiorev.2009.12.008
https://doi.org/10.1016/0304-3940(93)90641-W
https://doi.org/10.1016/0304-3940(93)90641-W
https://doi.org/10.1046/j.1471-4159.1996.66020589.x
https://doi.org/10.1523/jneurosci.16-08-02605.1996
https://doi.org/10.1523/jneurosci.16-08-02605.1996
http://www.ncbi.nlm.nih.gov/pubmed/10804226
https://doi.org/10.1016/j.jpsychires.2005.09.001
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1523/JNEUROSCI.3128-18.2019
https://doi.org/10.1523/JNEUROSCI.3128-18.2019
http://www.nature.com/tp/journal/v3/n6/abs/tp201344a.html
http://www.nature.com/tp/journal/v3/n6/abs/tp201344a.html
https://doi.org/10.1080/17470911003619916
https://doi.org/10.1162/jocn.2008.20062
https://doi.org/10.1016/S0896-6273(01)00491-3
https://doi.org/10.1016/j.bandc.2013.04.011
https://doi.org/10.1016/j.neuropsychologia.2008.02.005
https://doi.org/10.1016/j.neuropsychologia.2008.02.005
https://doi.org/10.1093/cercor/bhs277
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2012.08.012
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2012.08.012
https://doi.org/10.1016/j.neuropsychologia.2014.07.005
https://doi.org/10.1016/j.neuropsychologia.2014.07.005
https://doi.org/10.1016/j.neubiorev.2016.08.020
https://doi.org/10.1006/exnr.1999.7093
https://doi.org/10.1006/exnr.1999.7093


Behavioural Brain Research 402 (2021) 113091

9

[35] C.N. Karson, Spontaneous eye-blink rates and dopaminergic systems, Brain 106 
(1983) 643–653, https://doi.org/10.1093/brain/106.3.643. 

[36] S.M. Groman, A.S. James, E. Seu, S. Tran, T.A. Clark, S.N. Harpster, M. Crawford, J. 
L. Burtner, K. Feiler, R.H. Roth, J.D. Elsworth, E.D. London, J.D. Jentsch, In the 
blink of an eye: relating positive-feedback sensitivity to striatal dopamine D2-like 
receptors through blink rate, J. Neurosci. 34 (2014) 14443–14454, https://doi. 
org/10.1523/JNEUROSCI.3037-14.2014. 

[37] L.C. Dang, G.R. Samanez-Larkin, J.J. Castrellon, S.F. Perkins, R.L. Cowan, P. 
A. Newhouse, D.H. Zald, Spontaneous eye blink rate (EBR) is uncorrelated with 
dopamine D2 receptor availability and unmodulated by dopamine agonism in 
healthy adults, Eneuro 4 (2017), https://doi.org/10.1523/ENEURO.0211-17.2017. 
ENEURO.0211-0217. 

[38] G. Sescousse, R. Ligneul, R.J. van Holst, L.K. Janssen, F. de Boer, M. Janssen, A. 
S. Berry, W.J. Jagust, R. Cools, Spontaneous eye blink rate and dopamine synthesis 
capacity: preliminary evidence for an absence of positive correlation, Eur. J. 
Neurosci. 47 (2018) 1081–1086, https://doi.org/10.1111/ejn.13895. 

[39] J.D. Elsworth, M.S. Lawrence, R.H. Roth, J.R. Taylor, R.B. Mailman, D.E. Nichols, 
M.H. Lewis, D.E. Redmond, D1 and D2 dopamine receptors independently regulate 
spontaneous blink rate in the vervet monkey, J. Pharmacol. Exp. Ther. 259 (1991) 
595–600, https://doi.org/10.1016/S0065-2113(08)60255-2. 

[40] E.M. Jutkiewicz, Effects of dopamine D1 ligands on eye blinking in monkeys: 
efficacy, antagonism, and D1/D2 interactions, J. Pharmacol. Exp. Ther. 311 (2004) 
1008–1015, https://doi.org/10.1124/jpet.104.071092. 

[41] M.S. Kleven, W. Koek, Differential effects of direct and indirect dopamine agonists 
on eye blink rate in cynomolgus monkeys, J. Pharmacol. Exp. Ther. 279 (1996) 
1211–1219, https://doi.org/10.1016/S0065-2113(08)60255-2. 

[42] J. Kaminer, A.S. Powers, K.G. Horn, C. Hui, C. Evinger, Characterizing the 
spontaneous blink generator: an animal model, J. Neurosci. 31 (2011) 
11256–11267, https://doi.org/10.1523/JNEUROSCI.6218-10.2011. 

[43] K.A. Byrne, A.R. Otto, B. Pang, C.J. Patrick, D.A. Worthy, Substance use is 
associated with reduced devaluation sensitivity, Cogn. Affect. Behav. Neurosci. 19 
(2019) 40–55, https://doi.org/10.3758/s13415-018-0638-9. 

[44] H.A. Slagter, R.J. Davidson, R. Tomer, Eye-blink rate predicts individual 
differences in pseudoneglect, Neuropsychologia 48 (2010) 1265–1268, https://doi. 
org/10.1016/J.NEUROPSYCHOLOGIA.2009.12.027. 

[45] P. Kirsch, M. Reuter, D. Mier, T. Lonsdorf, R. Stark, B. Gallhofer, D. Vaitl, 
J. Hennig, Imaging gene–substance interactions: the effect of the DRD2 TaqIA 
polymorphism and the dopamine agonist bromocriptine on the brain activation 
during the anticipation of reward, Neurosci. Lett. 405 (2006) 196–201, https://doi. 
org/10.1016/J.NEULET.2006.07.030. 

[46] J.A. Stephens, K.T. Jones, M.E. Berryhill, Task demands, tDCS intensity, and the 
COMT val158met polymorphism impact tDCS-linked working memory training 
gains, Sci. Rep. 7 (2017) 13463, https://doi.org/10.1038/s41598-017-14030-7. 

[47] V. Nieratschker, C. Kiefer, K. Giel, R. Krüger, C. Plewnia, The COMT Val/Met 
polymorphism modulates effects of tDCS on response inhibition, Brain Stimul. 8 
(2015) 283–288, https://doi.org/10.1016/j.brs.2014.11.009. 

[48] C. Plewnia, B. Zwissler, I. Längst, B. Maurer, K. Giel, R. Krüger, Effects of 
transcranial direct current stimulation (tDCS) on executive functions: influence of 
COMT Val/Met polymorphism, Cortex 49 (2013) 1801–1807, https://doi.org/ 
10.1016/j.cortex.2012.11.002. 

[49] M.E. Berryhill, K.T. Jones, tDCS selectively improves working memory in older 
adults with more education, Neurosci. Lett. 521 (2012) 148–151, https://doi.org/ 
10.1016/j.neulet.2012.05.074. 

[50] J.C. Horvath, O. Carter, J.D. Forte, Transcranial direct current stimulation: five 
important issues we aren’t discussing (but probably should be), Front. Syst. 
Neurosci. 8 (2014), https://doi.org/10.3389/fnsys.2014.00002. 

[51] A.T. Hill, P.B. Fitzgerald, K.E. Hoy, Effects of anodal transcranial direct current 
stimulation on working memory: a systematic review and meta-analysis of findings 
from healthy and neuropsychiatric populations, Brain Stimul. 9 (2016) 197–208, 
https://doi.org/10.1016/j.brs.2015.10.006. 

[52] T. Sawaguchi, P. Goldman-Rakic, D1 Dopamine Receptors in Prefrontal Cortex: 
Involvement in Working Memory, 1991. 

[53] M. Watanabe, T. Kodama, K. Hikosaka, Increase of Extracellular Dopamine in 
Primate Prefrontal Cortex During a Working Memory Task, 1997. 

[54] D.S. Ma, J. Correll, B. Wittenbrink, The Chicago face database: a free stimulus set of 
faces and norming data, Behav. Res. Methods 47 (2015) 1122–1135, https://doi. 
org/10.3758/s13428-014-0532-5. 

[55] A.L. Biel, E.V.C. Friedrich, Why you should report bayes factors in your 
transcranial brain stimulation studies, Front. Psychol. 9 (2018) 1125, https://doi. 
org/10.3389/fpsyg.2018.01125. 

[56] R Core Team, R: A Language and Environment for Statistical Computing, 2019. 
[57] JASP Team, Jasp, 2019. 
[58] V. Shivakumar, H. Chhabra, M. Subbanna, S.M. Agarwal, A. Bose, S.V. Kalmady, J. 

C. Narayanaswamy, M. Debnath, G. Venkatasubramanian, Effect of tDCS on 
auditory hallucinations in schizophrenia: influence of catechol-O- 
methyltransferase (COMT) Val158Met polymorphism, Asian J. Psychiatr. 16 
(2015) 75–77, https://doi.org/10.1016/j.ajp.2015.05.038. 
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