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did not find similar tDCS-induced effects. Our results sug-
gest that even a single session of tDCS over the dlPFC can 
induce enduring neurocognitive benefits that indicate an 
amelioration of cortical under-arousal in MDD patients in a 
time frame beyond that of immediate, excitability increases 
that are directly induced by the current.

Keywords Transcranial direct current stimulation · Major 
depressive disorder · Visual processing speed · Theory of 
visual attention (TVA)

Introduction

Attentional dysfunctions play a major role in patients with 
major depressive disorder (MDD) with respect to quality 
of life and clinical outcome [2, 3]. Furthermore, they are 
a major cognitive target in the dimensional approach to 
diagnosis and treatment according to the research domain 
criteria initiative of the National Institute of Mental Health 
[4]. In this regard, transcranial direct current stimulation 
(tDCS) gained increasing interest as a non-invasive, safe 
treatment option with promising application not only for 
the clinical symptoms of MDD, but also for the restoration 
of cognitive functions [5, 6].

TDCS modulates activity in specific brain regions by 
delivering weak direct current via two scalp electrodes 
with anodal and cathodal polarity. The immediate effect 
of anodal stimulation with standard parameters is a depo-
larization of the resting membrane potential of the stimu-
lated neurons and thus an increased neuronal excitabil-
ity in underlying cortical regions [7–10]. However, even 
single tDCS sessions of only a few minutes can lead to 
more enduring effects lasting for several minutes to hours 
[11–13]. As such, so-called after-effects are, for example, 

Abstract Attentional deficits are considered key cogni-
tive symptoms in major depressive disorder (MDD) arising 
from abnormal activation patterns within dorsolateral pre-
frontal cortex (dlPFC) alertness networks. Altering these 
activity patterns with transcranial direct current stimulation 
(tDCS) might thus ameliorate alertness-dependent cog-
nitive deficits in MDD patients. In a double-blind, rand-
omized, sham-controlled study, we investigated the effect 
of a single session of anodal tDCS (2 mA) applied to the 
left dlPFC on different parameters of visual attention based 
on Bundesen’s theory of visual attention (Psychol Rev 
97(4):523–547, 1990) in a group of 20 patients with MDD 
and a control group of 20 healthy participants. The para-
metric attention assessment took place before, immediately 
after and 24 h after tDCS intervention. It revealed a selec-
tive impairment in visual processing speed as a primary 
functional deficit in MDD at baseline assessment. Fur-
thermore, a significant stimulation condition × time point 
interaction showed that verum tDCS over the left dlPFC 
resulted in a processing speed enhancement 24 h post-stim-
ulation in MDD patients. In healthy control participants, we 
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reduced by the N-methyl-D-aspartate (NMDA)-receptor-
antagonist dextromethorphan and it is suggested that they 
are controlled by NMDA-dependent processes [13]. Like-
wise, the partial NMDA agonist D-cycloserine was shown 
to prolong anodal tDCS-induced after-effects [14]. TDCS 
also influences functional brain connectivity [15]; particu-
larly, anodal stimulation over the left dorsolateral prefron-
tal cortex (dlPFC) was shown to stimulate resting state 
connectivity in bilateral fronto-parietal intrinsic brain net-
works in healthy adults [16]. Importantly, the effects of 
anodal tDCS are assumed to be modulated by the initial 
degree of activation and connectivity in the stimulated net-
work [17]. These intrinsic networks encompassing fronto-
parietal areas are strongly linked to the state of alertness 
[18–20], and therefore their potential modulation by means 
of tDCS might mainly affect alertness-dependent functions 
[16]—and particularly so in MDD patients with postulated 
under-activated left dlPFC networks [21–26]. As alertness 
denotes the general level of reactivity and sensitivity to 
external stimuli [27], it is particularly the speed by which 
stimuli are processed that is expected to be modulated by 
altering the state of alertness. In line with that, several stud-
ies, both in healthy controls and in patients, reported that 
an increased state of alertness, e.g. by means of cueing or 
stimulant medication, led to faster visual processing (e.g. 
[28–31]). The demonstration of modulations on the func-
tional level would be important for estimating the poten-
tial clinical significance of those on the brain network 
level. However, single direct current stimulations will only 
result in small effects on cognition in healthy volunteers 
and patients [32, 33], and therefore their assessment has to 
be based on sensitive tools. Furthermore, it might be pos-
sible that tDCS-induced alertness modulations result from 
multiple effects on diverse basic attentional mechanisms 
beyond processing speed, such as short-term storage or 
top-down control processes, all relying to some extent on 
prefrontal brain systems. Thus, measures that are applied 
to assess tDCS-induced benefits should be useful in dis-
entangling these potential effects by indicating changes 
in each of these cognitive functions in a specific, distinct 
manner. However, most previous studies on the effects of 
tDCS over the dlPFC in MDD patients assessed attention 
functions to monitor potential negative cognitive effects 
[34] and thus used time-economic screening tools that do 
not deliver such fine-grained information. For example, 
even though dlPFC stimulation was reported to improve 
performance of MDD patients in the go-no-go task [35] 
and the symbol-digit modalities test [36], it is not clear 
what underlying more basal attentional mechanisms are 
mediating these benefits. In healthy adults, similarly, it was 
repeatedly reported that left dlPFC stimulation leads to bet-
ter performance in the Sternberg task and n-back tasks, but 
as the cognitive specificity of these tasks is rather poor it 

is not possible to assess whether tDCS indeed increases 
alertness—and hence accelerates the encoding of incoming 
information—or whether these benefits result from other 
modes of actions such as gains in short-term storage [33, 
37–42]. To summarize, it is challenging to characterise the 
precise neurocognitive modulations in attention functions 
that correspond to the tDCS-induced modulation on the 
brain network level. Furthermore, it is not clear whether 
(and how) MDD patients and normal participants respond 
differently to dlPFC tDCS.

In contrast to conventional neuropsychological tests, 
the parametric attentional assessment based on Bundesen’s 
‘theory of visual attention’ (TVA; [1, 43, 44]) is highly 
sensitive and cognitively specific and therefore enables 
explicit differentiations between specific attentional param-
eters defining the individual efficiency in visual attention 
processing, namely perceptual processing speed (param-
eter C), visual short-term memory (vSTM) storage capac-
ity (parameter K) and top-down control (parameter α). 
Employing two simple psychophysical tasks, whole and 
partial report of briefly presented letters, TVA-based assess-
ment allows extracting and exactly quantifying these differ-
ent attentional parameters in a mathematically independent 
way, unconfounded by potential motor side effects, within 
the same tasks and with similar stimulus and response 
requirements [28, 31, 45]. With these features, the TVA-
based parametric assessment is optimally suited for the aim 
of this randomized, double-blind, sham-controlled study 
to assess whether—in agreement with previous reports of 
a close connection between alertness and the TVA param-
eter visual processing speed C [28–31]—a modulation of 
the fronto-parietal alertness network by means of single 
session of anodal tDCS is specifically associated with per-
ceptual speed enhancements or alternatively accompanied, 
or even prompted, by other effects (i.e. changes in vSTM 
capacity and/or top-down control processes). Another aim 
of this study was to test the consolidation of potential after-
effects beyond time periods where stimulation induces 
unspecific cortical excitability changes. For this purpose, 
the attentional parameters were assessed once 24 h prior to 
tDCS, immediately afterwards and 24 h post-stimulation.

Methods

Participants

Twenty patients (11 males; age range 22–48 years; mean 
age = 35.35; SD = 7.56) diagnosed with MDD (accord-
ing to ICD-10: F32.1–3 and F33.1–3) were recruited from 
the Department of Psychiatry and Psychotherapy (LMU 
Munich). The patient screening, carried out by clinical psy-
chiatrists, consisted of an assessment of psychopathological 
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symptoms (Hamilton Depression Scale HAMD [46]), dis-
ease severity (Clinical Global Impression Scale CGI [47]), 
functioning (Global Assessment of Functioning Scale GAF 
[48]) and a standardized test of hand preference [49].

Participants with an IQ below 86—as measured by 
means of the German Multiple-Choice Vocabulary Test 
(MWT-B; [50])—were excluded from participation, as 
well as those suffering from red–green colour blind-
ness. Further exclusion criteria consisted of a history 
of seizures, pregnancy, metallic foreign body implants 
and enhanced/reduced scalp sensitivity. Additionally, 
patients with suicidal intent were excluded from partici-
pation. All patients were receiving stable antidepressant 
drug therapy during the study period. Medications were: 
mirtazapine (n = 7, 7–45 mg/d), venlafaxine (n = 8, 
150–375 mg/d), vortioxetine (n = 1, 5 mg/d), bupro-
pion (n = 1, 150 mg/d), duloxetine (n = 1, 120 mg/d), 
quetiapine (n = 3, 20–200 mg/d), amitriptyline (n = 3, 
25–150 mg/d), opipramol (n = 1, 50 mg/d), citalopram 
(n = 2, 20–40 mg/d), escitalopram (n = 3, 10 mg/d), 
sertraline (n = 1; 100 mg/d), lithium (n = 1, 450 mg/d), 
risperidone (n = 2, 0.5 mg/d), aripiprazole (n = 4; 
5–12.5 mg), lorazepam (n = 6, 0.5–1.5 mg/d), zopiclone 
(n = 2, 3.75–7.5 mg/d), agomelatine (n = 2, 50 mg/d) and 
pregabalin (n = 1, 150 mg/d).

The healthy control group consisted of 20 partici-
pants (10 males age range 22–48 years; mean age = 31.7; 
SD = 8.43) who were recruited from the same geographic 
area. None of the healthy control participants reported any 
(family) history of mental illness. All participants had nor-
mal or corrected-to-normal vision. The demographic details 
for each participant group, including information about IQ 
and handedness, as well as the clinical characteristics of the 
patients are summarized in Table 1. Participants provided 

written informed consent prior to the first experimental ses-
sion and were compensated with 60€ for their participation. 
The study was approved by the LMU Munich medical fac-
ulty’s ethical committee and conformed to the Declaration 
of Helsinki.

Experimental procedure

Participants were randomly assigned to either the verum 
or sham tDCS condition by means of a computer-gener-
ated randomization list (https://www.random.org/lists/) for 
which the access during the study was restricted to two 
researchers (A. H./W. S). Neither the participants nor the 
experimenters were informed about the respective stimu-
lation condition. Ten patients received verum left-anodal 
tDCS, and the remaining 10 patients underwent sham 
tDCS. Similarly, 10 healthy control participants received 
verum tDCS and 10 healthy controls received sham tDCS. 
After being randomly assigned to the particular tDCS 
condition, participants underwent four experimental ses-
sions each lasting between 60 and 90 min (see Fig. 1). 
On session 1 (practice session), which could take place 
one to four days prior to the second test session, partici-
pants were familiarized with the TVA-based assessment 
and were trained on the respective tasks in order to avoid 
later practice effects. The following three test sessions were 
conducted on consecutive days at about the same daytime 
each. On session 2 (baseline test), a baseline TVA-based 
whole and partial report assessment took place. On session 
3 (post-test), participants first obtained either verum 2 mA 
anodal or sham tDCS over the left dlPFC for 20 min and, 
directly afterwards, whole and partial report were again 
applied. On session 4 (follow-up test), a follow-up assess-
ment of the attentional parameters was conducted.

Table 1  Group demographics 
and MDD ratings

Data are presented as means (standard deviations) or frequencies. MWT-B = German multiple-choice 
vocabulary test [50]; HAMD = Hamilton depression scale [46]; GAF = Global assessment of functioning 
scale [48]; CGI = Clinical global impression scale [47]; f female; m male; r right; l left; a ambidextrous. P 
values refer to a statistical comparison between the verum and sham condition

MDD patients Healthy controls

Verum Sham p Verum Sham p

Age 34.9 (9.37) 35.8 (5.75) .80 30.8 (9.34) 32.6 (7.52) .64

Gender (m/f) 6/4 5/5 .65 5/5 5/5 1.0

Handedness (r/l/a) 9/1/0 8/1/1 .59 9/1/0 9/1/0 1.0

Education (years) 11.2 (1.62) 11.6 (1.43) .57 12.8 (.42) 12.9 (.32) .56

MWT-B 105.3 (15.67) 103.4 (15.07) .79 105.8 (14.48) 118.6 (20.81) .13

Duration disorder (years) 5.7 (7.13) 4.49 (4.8) .65 – – –

HAMD 18.5 (6.1) 19.8 (8.07) .69 – – –

CGI 4.6 (.52) 4.5 (.53) .67 – – –

GAF 54.3 (19.48) 53.1 (7.11) .86 – – –
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TVA framework

TVA is a mathematical model, linked to the biased-compe-
tition account of visual attention [51]. Accordingly, TVA 
assumes a parallel-competitive race of all objects and their 
features for selection into a capacity-limited vSTM store, 
representing what we consciously perceive and use for 
goal-directed actions. Access to vSTM depends on a speed 
criterion: only those objects processed fastest will enter 
the store and can become conscious [1]. Object selection 
is thus determined by (1) its processing rate and (2) the 
available size of the vSTM store, as a filled store no longer 
allows selection. Further, the probability of object selection 
into vSTM is defined by the attentional weight assigned to 
an object driven by both bottom-up factors such as stimu-
lus saliency, as well as intentional, top-down determinants, 
such as task instructions. Consequently, only part of the 
objects will be represented within vSTM and will be acces-
sible for further processing and goal-directed actions.

General method for whole and partial report

TVA-based testing was conducted in a dimly lit and sound-
attenuated experimental laboratory room at the Psychiat-
ric Clinic of the Ludwig-Maximilians-University Munich. 
Within one test session, each participant completed the 
whole and partial report task, each lasting about 30 min. 
Task order was counterbalanced across participants. Stim-
uli were presented on a 27-inch PC monitor (1024 × 768 
pixel resolution) with a refresh rate of 100 Hz. The dis-
tance between the monitor and the eyes of the participants 
was approximately 60 cm. In both tasks, each trial started 
with the presentation of a white central fixation point 
(diameter: 1 cm) for 1000 ms on a black background. Par-
ticipants were instructed to keep fixation throughout the 
whole trial. After a delay of 250 ms, red and/or blue letters 
were briefly presented on a black background. The expo-
sure durations were determined individually in a pretest to 
meet a criterion value. Stimuli consisted of target letters 
randomly chosen from a predefined set of the following 

letters: ABCDEFGHJKLMNOPRSTUVWXZ. On a given 
trial, a particular letter appeared only once. Stimuli were 
either masked, by a blue-red scattered square (~1.5° visual 
angle) presented for 500 ms, or unmasked. In unmasked 
conditions, the effective exposure durations are prolonged 
by several 100 ms due to visual persistence [52]. The par-
ticipant had to report those letters he/she perceived with 
reasonable certainty, in arbitrary order and without speed 
stressing. The experimenter typed the responses on a key-
board and initiated the next trial by pressing the space bar.

After each block, participants received a visual perfor-
mance feedback indicating the percentage of correctly 
reported letters out of all reported ones. Participants should 
aim for correctness between 70 and 90% by avoiding too 
conservative and too liberal responses. In total, the partial 
report task consisted of 288 trials and the whole report 
task of 140 trials, separated into blocks of 48 and 35 trials, 
respectively. Within each block, each display condition was 
presented equally often in randomized order.

TVA‑based whole report

A representative whole report trial is depicted in Fig. 2a. 
On each trial, participants were briefly presented with 6 let-
ters, either all red or blue, appearing on an imaginary circle 
with a radius of 6 cm (5.73° of visual angle) around the 
fixation point. The task of the participant was to identify 
and report as many letters as possible.

In order to individually adjust five exposure durations 
appropriate for the capabilities of a given participant, a pre-
test of four blocks of 12 trials each was performed prior to 
the main whole report task in each test session. As in the 
main task, participants were instructed to report as many 
letters as possible. The exposure duration adjusting trials 
were organized in triples consisting of two ‘easy’ trials (i.e. 
one longer and one unmasked trial) and one adjusting trial 
in which initially, the six letters were flashed for 80 ms. If 
participants were able to report at least one letter correctly, 
exposure durations were decreased in steps of 10 ms until 
the lowest individual threshold, for which no letter could 

Fig. 1  General experimental 
procedure
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be reported anymore, was identified. Based on this thresh-
old, a corresponding set of four additional, longer expo-
sure durations was chosen for the subsequent main whole 
report task (e.g. 10, 20, 40, 90 and 200 ms). In these five 
conditions, letters were masked. Additionally, in two 
unmasked conditions, letters were presented in the second 
shortest and the longest exposure duration condition. This 
resulted in seven ‘effective’ exposure duration conditions. 
In unmasked displays, the effective exposure duration is 
prolonged due to the visual afterimage by a constant dura-
tion. This prolongation is defined by parameter μ (given in 

ms). This parameter is not relevant in the current study as 
it mainly serves the valid estimation of the parameters of 
interest. The patient group’s average minimum exposure 
duration was 20.5 ms (SD = 7.59 ms) and did not differ 
significantly (t(38) = .30, p = .77) from that of the control 
group, which was on average 20 ms (SD = 0 ms).Within 
each block, the resulting seven different effective exposure 
duration conditions were equally frequent.

Based on the performance in the whole report task, the 
individual processing capacity aspects reflected by the 
TVA parameters perceptual processing speed C and vSTM 

A

B

C

Fig. 2  a Procedure used for the assessment of the TVA whole report 
task. After the presentation of a central fixation point for 1000 ms and 
a brief delay of 250 ms, six letters are flashed in an imaginary circle 
either in red or blue font for one of five individually adjusted expo-
sure durations (identified in a pretest). In these five exposure duration 
conditions letters are masked for 500 ms. In two unmasked condi-
tions, letters were presented in the second shortest and longest expo-

sure duration condition. b Trial sequence and c display types of TVA 
partial report task. After the presentation of a central fixation point for 
1000 ms and a brief delay of 250 ms, one of the 16 possible display 
types appears for a predetermined individual exposure duration. Fol-
lowing that, presented stimuli (T = target = red letters; D = distrac-
tor = blue letters) are masked for 500 ms
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capacity K can be estimated by mathematical data model-
ling. The best-fitting TVA parameter values to the observed 
data of each participant were estimated by a maximum 
likelihood fitting algorithm described in detail by Kyllings-
bæk [53].

Performance (i.e. the number of letters reported cor-
rectly) was measured as a function of exposure duration. In 
TVA, stimulus processing is a dynamic process in which 
the probability for an object to be selected increases with 
increasing exposure duration. Presenting the stimuli with 
various exposure durations enabled us to examine the 
whole range of attentional performance aspects including 
both very early and late aspects of the participant’s whole 
report functions, thereby allowing a reliable model fit of 
the data [54]. Within the TVA approach, an exponential 
growth function, relating the mean number of reported 
objects to the exposure duration, models the probability of 
stimulus identification. The growth parameter reveals the 
attentional processing speed (C), the rate at which stimuli 
are processed (measured in visual elements per second), 
and the asymptotic level of the function specifies the stor-
age capacity (K), i.e. the maximum number of objects that 
can be registered in parallel and transferred into a vSTM 
store where information is kept online for a short period of 
time. The intercept of the curve with the x-axis describes 
the parameter perceptual threshold t0, i.e. the individual 
minimal effective exposure duration in ms below which the 
number of correctly reported stimuli is zero (for illustra-
tion, see Fig. 3).

TVA‑based partial report

In the partial report task, participants were instructed to 
report predefined target letters, which differed from distrac-
tors with respect to colour (target = red; distractor = blue). 

In each trial, either a single target (letter) or a target plus 
distractor (letter) or two targets appeared at the corners of 
an imaginary square located 7.5 cm around the fixation 
point. All letters were masked for 500 ms. If two letters 
were presented on the display, they were either flashed in a 
row or in a column, but never diagonally.

In total, the partial report task consisted of sixteen con-
ditions, which were counterbalanced across all six blocks: 
target appearing alone (T; four possible alternatives: upper 
right/left or lower right/left corner), target appearing with 
distractor (T–D; eight possible alternatives) and two targets 
appearing together (T–T; four possible alternatives). For an 
exemplary partial report trial sequence and all possible dis-
play types, see Fig. 2b, c.

As for the whole report task, the exposure duration of 
the flashed letter(s) was individually determined for each 
participant prior to the main task. To that end, a pretest 
was performed: first, 24 trials with an initial exposure 
duration of 80 ms were presented. This was decreased by 
steps of 10 ms if participants were able to report two let-
ters in the target–target condition. In contrast, if they could 
only name one of the two target letters, exposure duration 
was kept at 80 ms, and if none of the two targets could 
be reported, exposure duration was increased by steps of 
10 ms until participants could name, on average, one letter 
per trial correctly. Subsequently, 24 trials were run and per-
formance at the calculated exposure duration was checked 
for the different experimental conditions. If participants 
reported 70–90% of the single targets (T) and at least 50% 
of the dual targets (T–T) correctly, the exposure duration 
was kept for the main partial report task. If not, exposure 
durations were increased or decreased manually by the 
experimenter and performance was rechecked in another 
round of 24 trials. The patient group’s average exposure 
duration was 82.67 ms (SD = 27.14) and did not differ 

Fig. 3  Whole report performance (=number of correctly reported 
letters) of a representative MDD patient (a) and a healthy control (b) 
participant as a function of exposure duration. Circles show observed 
values (=obs), dashed lines represent the best fits of the observed 

scores by the applied model (pred = predicted). Maximum vSTM 
capacity K is indicated by the horizontal dashed line. The dashed 
slope line reflects processing speed C
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significantly (t(38) = 0.85, p = .40) from that of the con-
trol group which was on average 75.33 ms (SD = 27.69). 
Based on the performance in the partial report, the atten-
tional selectivity parameter estimate (i.e. TVA parameter α) 
was derived from mathematical data modelling. From the 
probability of stimulus identification, attentional weights 
are derived for targets (wT) and distractors (wD). From 
these values, one can draw inferences about the distribution 
of attentional resources across targets and distractors [55], 
represented by the parameter top-down control α. In formal 
terms, this is expressed as the ratio of distractor (D) to tar-
get (T) weights: wD/wT. An α close to zero indicates high 
selectivity, i.e. targets receive more weight than distractors. 
Values of α close to 1 signify no selectivity.

Transcranial direct current stimulation

Transcranial direct current stimulation was delivered by a 
CE-certified direct current stimulator (neuroConn GmbH, 
Germany). Conductive rubber surface electrodes with a size 
of 35 cm2 (5 cm × 7 cm) were covered with saline-soaked 
sponges and were placed on the scalp and the frontal head. 
For both verum and sham stimulation, the same electrode 
configuration was used with the anode placed above the left 
dorsolateral prefrontal cortex (dlPFC; F3 position accord-
ing to the international EEG-10-20 system) and the refer-
ence electrode placed above the right supraorbital area. 
The F3-position has been linked to Brodmann areas 8, 9 or 
46 on the medial frontal gyrus [56, 57], and this is repre-
sentative for the left dlPFC. This electrode configuration is 
standardly used in physiological studies (e.g. [8]), and also 
in several behavioural studies this electrode montage was 
found to modulate cognitive parameters both in healthy par-
ticipants and patients (e.g. [16, 58]). One stimulation ses-
sion lasted 20 min during which constant current of 2 mA 
intensity was applied. To minimize the itching sensation at 
the onset of stimulation, current intensity was turned on in 
a ramp-like fashion until 2 mA was reached (15 s) and was 
ramped down correspondingly at the end of stimulation 
(15 s). In order to guarantee a successful blinding of par-
ticipants, sham stimulation was performed in the same way 
as active stimulation, but the current was turned off after 
45 s of tDCS so that participants could perceive the itch-
ing sensation at the beginning of the stimulation. Program-
ming and encoding the stimulation routines in the stimula-
tion device beforehand and by a person who was not the 
experimenter enabled a double-blind design in which both 
participants and experimenter were blind regarding the type 
of stimulation applied. Verum and sham stimulation was 
applied in different subgroups of participants. During the 
stimulation, participants sat on a comfortable chair with-
out being engaged in any task. As we were mainly inter-
ested in tDCS after-effects on attentional functions—both 

immediate and longer lasting ones of potential clinical rel-
evance—tDCS was applied in an ‘offline’ protocol.

Immediately after the tDCS intervention, patients com-
pleted the comfort rating scale, which is a self-rated ques-
tionnaire monitoring potential adverse effects resulting 
from the tDCS treatment [59].

Data analysis

For statistical analyses, IBM SPSS statistics version 22 was 
used. The level of significance was set to alpha = .05. Inde-
pendent t tests and Chi-square tests were used to compare 
groups with respect to demographic variables and clinical 
measures. In order to compare attentional parameters at 
baseline between the healthy control and the MDD patient 
group, one-way analyses of variance (ANOVA) were con-
ducted. In order to control for differences in education 
levels, these analyses were repeated using ‘education’ as 
covariate. Parameters at baseline in participants assigned 
to the verum versus sham tDCS condition within these two 
groups were compared by independent t tests. To investi-
gate the effect of tDCS on the attentional parameters at the 
three different time points, 2 × 3 mixed-factorial ANOVAs 
with the between-subjects factor stimulation condition 
(verum vs. sham tDCS) and the within-subjects factor time 
point (baseline, post and follow-up) were carried out sepa-
rately for the healthy control and the MDD patient group. 
In order to assess the magnitude of the observed effects, 
we measured Cohen’s d, defined as the difference between 
two group means divided by the pooled standard deviation 
[60]. The integrity of blinding was assessed by means of 
Chi-square tests to compare participants’ judgements of 
whether verum or sham tDCS had been applied between 
the verum and sham stimulation condition. Furthermore, 
independent t tests were used to compare comfort ratings 
regarding the time during and after the stimulation between 
participants assigned to the verum and sham stimula-
tion condition in the healthy control and the MDD patient 
group, respectively.

Results

Demographic and clinical characteristics

MDD patients did not differ significantly from the healthy 
controls with respect to age (t(38) = 1.45, p = .16), gen-
der (χ2(1) = 0.10, p = .75), IQ (t(38) = −1.47, p = .15) 
and handedness (χ2(2) = 1.03, p = .60). However, 
there was a subtle, but significant difference between 
the healthy control (M = 12.8 years) and MDD patient 
group (M = 11.4 years) with respect to education level 
(t(38) = −4.2, p < .05). In both groups, participants 
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receiving verum and sham stimulation did not differ sig-
nificantly from each other with respect to any of the 
demographic and clinical characteristics (all ps ≥ .13; see 
Table 1).

Baseline task performance—healthy control 
versus MDD patient group

Whole report results

Figure 3 depicts the whole report performance in terms of 
the mean numbers of correctly reported letters as a func-
tion of the (effective) exposure duration in one representa-
tive MDD patient and healthy control participant. The 
curves represent the best fits from TVA to the observed 
data points derived by the maximum likelihood method 
(e.g. [53]). The TVA fitting procedure yielded fairly close 
fits to the observed scores. The predicted values accounted 
for r2 = 93% of the variance of the observed mean scores. 
For each single participant, TVA model fitting yielded indi-
vidual estimates for perceptual processing speed C, vSTM 
storage capacity K and the minimal effective exposure 
duration t0.

Minimal effective exposure duration t0 As depicted in 
Fig. 3, below a certain minimal effective exposure dura-
tion t0, participants were not able to report any letter cor-
rectly. Estimates of minimal effective exposure dura-
tion t0 were basically comparable between MDD patients 
(M = 11.42 ms, SD = 11.55 ms) and healthy controls 
(M = 7.52 ms, SD = 7.43 ms), as indicated by a non-signifi-
cant main effect of group (F(1,38) = 1.84, p = .18). The sta-
tistical results were confirmed when including ‘education’ 
as covariate (F(2,37) = .14, p = .71). There was no signifi-
cant correlation between the TVA parameter t0 and ‘educa-
tion’ neither in the healthy control (r(18) = −.29, p = .22) 
nor in the MDD patient group (r (18) = −.22, p = .35).

Perceptual processing speed C Analysis revealed a sig-
nificant main effect of group (F(1,38) = 11.82, p = .01) 
indicating that processing speed was lower in MDD patients 
(M = 27.17 elements/second, SD = 10.16) than in healthy 

controls (M = 43.86 elements/second, SD = 19.18). Accord-
ingly, in Fig. 3, the MDD patient’s whole report function 
is characterized by a shallower slope in comparison with 
the control participant, indicating that the rate of informa-
tion uptake at a given time unit is significantly reduced. 
The computation of Cohen’s d yielded a large effect size 
(d = 1.1) and a non-overlap of 58.9% in the two distribu-
tions of C scores. The statistical results were confirmed 
when including ‘education’ as covariate (F(2,37) = 6.28, 
p = .02). There was no significant correlation between the 
TVA parameter C and ‘education’ neither in the healthy con-
trol (r(18) = .23, p = .34) nor in the MDD patient group 
(r(18) = .09, p = .69).

Visual short‑term memory capacity K The main effect of 
group was not significant (F(1,38) = 2.43, p = .13) indicat-
ing that vSTM was basically comparable between groups. 
Figure 4 accordingly illustrates that when exposure dura-
tions were increased, performance of the representative 
MDD patient and the representative healthy control par-
ticipant reached an asymptotic value at approximately the 
same level. This value (K) is typically interpreted as the 
maximum storage capacity of vSTM [61]. In the present 
study, the mean number of items that can be represented 
was 3.67 (SD = .94) for the healthy control participants and 
3.23 (SD = .85) for the MDD patients. The statistical results 
were confirmed when including ‘education’ as covariate 
(F(2,37) = .12, p = .74). There was no significant correla-
tion between the TVA parameter K and ‘education’, neither 
in the healthy control (r(18) = .32, p = .18) nor in the MDD 
patient group (r(18) = .34, p = .15).

Partial report results

Based on the partial report performance, the attentional 
selectivity parameter estimate, i.e. top-down control α, 
was derived from mathematical data modelling. The pre-
dicted data of the partial report task fitted the observed data 
closely for each of the three conditions (single target T, 
dual target T–T and target distractor T–D) as indicated by 
a mean Pearson product-moment correlation r of .95. The 
predicted values accounted for r2 = 90% of the variance of 

Fig. 4  Mean partial report 
accuracy (=percentage of cor-
rectly reported target letters) of 
a healthy controls and b MDD 
patients in the single-target 
(none), the target plus distractor 
(D) and the target plus target 
(T) conditions across the left 
and right hemifield. Error bars 
reflect standard errors of the 
mean
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the observed mean scores. Figure 4 depicts the mean partial 
report accuracy of the MDD patient and the healthy control 
group, for the single-target (none), the target plus distractor 
(D) and the target plus target (T) conditions across the left 
and right hemifield.

Top‑down control α

Analysis revealed statistically comparable estimates of top-
down control α in both MDD patients (M = .46, SD = .26) 
and healthy controls (M = .36, SD = .22) (F(2,37) = 1.77, 
p = .21). The statistical results were confirmed when 
including ‘education’ as covariate (F(2,37) = 3.46, 
p = .19). There was no significant correlation between 
the TVA parameter α and ‘education’ in the MDD patient 
group (r(18) = .23, p = .34). In the healthy control group, 
there was a moderate positive correlation between the TVA 
parameter α and ‘education’ (r(18) = .50; p = .03). From 
Fig. 4, it can be inferred that, for both the patients and the 
healthy control participants, performance was highest in 
the single-target condition (‘none’). Adding a distractor 
(D) only slightly impaired performance, whereas adding a 
second target (T) noticeably reduced accuracy. Overall, the 
pattern of performance illustrates comparable top-down 
control in both MDD patients and healthy controls.

Immediate and enduring stimulation effects 
on attentional parameters

Healthy controls

At baseline, participants in the verum and sham group did 
not differ significantly with respect to any of the assessed 
TVA parameters (all ts ≤ 1.42, all ps ≥ .08). Means and 
standard deviations are depicted in Table 2.

Whole report performance In order to assess immediate 
and enduring effects of tDCS on visual processing speed C 
and vSTM capacity K, separate 2 × 3 mixed-design ANO-

VAs with time point (baseline, post and follow-up test) as 
within-subjects factor and stimulation condition (verum vs. 
sham tDCS) as between-subjects factor were carried out. 
There was a significant main effect of time point on process-
ing speed (F(2,36) = 4.05, p = .03, ηp

2 = .18) suggesting an 
increasing processing speed from baseline to post- and then 
to follow-up test. The main effect of stimulation condition 
was not significant (p = .23). Most critically, the interac-
tion between time point and stimulation condition was not 
significant (F(2,36) = .23, p = .80, ηp

2 = .01) (see Fig. 5), 
indicating that the difference between processing at differ-
ent time points was not modulated by tDCS stimulation. 
Rather this finding suggests unspecific practice effects due 
to repeated testing with whole and partial report paradigms. 
For the parameters vSTM storage capacity K and minimal 
effective exposure duration t0, no significant main or inter-
action effects were found (all ps ≥ .12). See Table 3 for 
respective means and standard deviations.

Partial report performance For the parameter top-down 
control α, analysis yielded no significant main or interaction 
effect (all ps > .26). See Table 3 for respective means and 
standard deviations.

MDD patients

Analysis of variance yielded no significant baseline dif-
ferences between MDD patients in the verum and sham 
tDCS group in any of the TVA parameters (all ts ≤ .74, all 
ps ≥ .47). See Table 4 for respective means and standard 
deviations.

Whole report performance The same mixed-factorial 
ANOVA as conducted for the healthy control group revealed 
a significant main effect of time point (F(2,36) = 4.21, 

Table 2  TVA whole and partial report parameters at baseline for the 
MDD patient and healthy control group

C: Visual perceptual processing speed (elements/s); K: visual working 
memory storage capacity (number of elements); t0: minimal effective 
exposure duration; α: efficiency of top-down control

MDD patients Healthy controls Statistical 
comparison

Mean SD Mean SD p

C 27.17 10.16 43.86 19.18 .01

K 3.23 .85 3.67 .94 .13

t0 11.42 11.55 7.25 7.43 .18

α .46 .26 .36 .22 .21 20
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Fig. 5  Effects of tDCS on mean perceptual processing speed C 
(measured in elements/s) in healthy controls. Processing speed was 
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p = .02, ηp
2 = .19) and a significant interaction between 

tDCS condition and time point on processing speed 
(F(2,36) = 3.63, p = .04, ηp

2 = .17) in the MDD patient 
group. Separate ANOVAs were computed for the two 
tDCS conditions to analyse the interaction. There was no 
main effect of time point in the sham group (F(2,18) = .23, 
p = .80). In the verum group, the effect of time point 
was significant (F(2, 18) = 8.51, p = .01). Post hoc test-
ing with Bonferroni correction for multiple comparisons 
revealed that processing speed C did not differ significantly 
between baseline test (M = 25.75, SD = 7.59) and post-test 
(M = 26.22, SD = 9.02; p > .05, 95% CI [−8.26; 7.32]), 
but at follow-up test (M = 34.77, SD = 9.46) it was sig-
nificantly increased both compared to baseline (p = .02, 
95% CI [1.51; 16.54]) and post-test (p = .01, 95% CI [2.26; 
14.84]; see Fig. 6). An alternative analysis comparing the 
mean baseline-normalized performance both at the post-test 
and the follow-up test between the two stimulation condi-
tions (verum vs. sham) in MDD patients yielded a similar 
result: the analysis of covariance (ANCOVA) on the post-
test processing speed performance covarying the pretest 
performance revealed a non-significant main effect of stim-
ulation condition [F(1, 17) = .52, p = .48; pairwise com-

parison 95% CI [−10.91; 5.34]; mean difference (verum vs. 
sham) = −2.79]. The ANCOVA on the follow-up process-
ing speed performance covarying the pretest performance 
revealed a borderline significant result (F(1, 17) = 4.44, 
p = .05; pairwise comparison 95% CI [−.01; 14.30] mean 

Table 3  TVA whole and partial 
report parameters in the healthy 
control group for the three 
time points (baseline, post, 
follow-up)

C: visual perceptual processing speed (elements/s); K: visual working memory storage capacity (number of 
elements); t0: minimal effective exposure duration; α: efficiency of top-down control

tDCS condition Baseline Post Follow-up

Mean SD Mean SD Mean SD

C Verum 38.59 16.76 41.53 17.11 46.18 19.92

Sham 49.13 20.84 54.69 22.49 56.09 28.29

K Verum 3.47 .82 3.33 .84 3.48 .78

Sham 3.88 1.04 3.86 .93 4.01 1.02

t0 Verum 9.54 7.96 7.49 8.08 6.82 6.38

Sham 4.96 6.43 6.80 4.11 3.77 4.82

α Verum .27 .20 .22 .26 .33 .16

Sham .45 .21 .42 .20 .39 .11

Table 4  TVA whole and partial 
report parameters in the MDD 
patient group for the three 
time points (baseline, post, 
follow-up)

C: Visual perceptual processing speed (elements/s); K: visual working memory storage capacity (number of 
elements); t0: minimal effective exposure duration; α: efficiency of top-down control

tDCS condition Baseline Post Follow-up

Mean SD Mean SD Mean SD

C Verum 25.75 7.59 26.22 9.02 34.77 9.46

Sham 28.59 12.48 30.43 10.46 29.77 11.75

K Verum 3.22 .84 3.39 .74 3.40 .70

Sham 3.24 .90 3.29 .80 3.33 .71

t0 Verum 13.35 14.10 7.44 5.78 11.86 6.79

Sham 9.48 6.47 10.12 6.47 7.11 8.50

α Verum .46 .23 .40 .18 .32 .24

Sham .46 .30 .32 .19 .31 .13

20

25

30

35

40

BASELINE POST FOLLOW-UPP
R

O
C

E
S

S
IN

G
 S

P
E

E
D

 C
 

E
LE

M
E

N
TS

/S
E

C

TIME POINT

Verum Sham

*

*

Fig. 6  Effects of tDCS on mean perceptual processing speed C 
(measured in elements/s) in patients with MDD. Processing speed 
was assessed at baseline, directly after tDCS (post) and 24 h after 
tDCS (follow-up). Error bars represent standard errors of the means, 
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difference (verum vs. sham) = 7.14), indicating that patients 
of the verum condition exhibited a greater mean increase 
in processing speed than those of the sham condition. On 
average, patients receiving verum stimulation could process 
about 9 elements/sec more (40%) at the follow-up compared 
to the baseline test and about 8 elements/sec (37%) more 
compared to the post-test. These effects were large, as indi-
cated by a value of Cohen’s d of 1.1 (baseline vs. follow-up) 
and .9 (post vs. follow-up).

For the parameters vSTM storage capacity K and mini-
mal effective exposure duration t0, analyses yielded statisti-
cally non-significant effects (all ps ≥ .98). See Table 4 for 
means and standard deviations.

Partial report performance Analysis revealed a significant 
main effect of time point (F (2, 36) = 3,24, p = .05) for the 
parameter top-down control indicating that the efficiency 
of selection increased in both groups from baseline to post 
and from baseline to follow-up test. The time point × tDCS 
condition interaction was not significant (F(2,36) = .27, 
p = .76), indicating that the stimulation did not modulate 
the increase in top-down control. See Table 4 for respective 
means and standard deviations.

Integrity of blinding and comfort rating

Of the MDD patients, 80% in the verum and 60% in the 
sham condition rated that they received verum stimulation. 
The distribution of sham and verum ratings did not differ 
significantly between conditions (χ2(1) = .95, p = .33). 
Of the healthy control participants, 70% in the verum and 
30% in the sham condition rated that they received verum 
stimulation. The distribution of sham and verum ratings did 
not differ significantly between conditions (χ2(1) = 3.20, 
p = .07). Comfort ratings regarding the time during and 
after the stimulation did not differ significantly between 
participants in the verum and sham condition within the 
MDD patient group and healthy control group, respectively 
(all ts ≤ 2.01, all ps ≥ .06).

Discussion

In the present study, we (i) compared parameters of visual 
attention between patients with MDD and healthy con-
trol participants, (ii) investigated the alertness-modulating 
effect of a single session of tDCS over the dlPFC on atten-
tion parameters in these groups, focussing on alertness-
dependent visual processing speed, and finally we (iii) 
tested the longevity of potential effects. Parameters of 
visual processing speed and further parameters of atten-
tion were quantified by applying TVA-based whole and 
partial report paradigms before, right after and 24 h after 

tDCS treatment. Our main finding was a significant time 
point × stimulation interaction in MDD patients indicat-
ing that processing speed (as the only impaired baseline 
parameter) was exclusively enhanced in MDD patients 24 h 
following a single session of verum, but not sham, anodal 
2 mA tDCS applied to the left dlPFC.

Attentional deficits at baseline assessment

At baseline, patients with MDD showed a significant visual 
perceptual slowing, as indicated by a processing speed that 
was 38% lower than that of healthy control participants. 
Our results go beyond previous publications and expand 
our knowledge of cognitive slowing in MDD patients: 
first, the theory-driven parametric approach delivers infor-
mation on cognitively ‘pure’ mechanisms. It was reported 
previously that MDD patients perform slowly on attention-
related tasks [2, 62–64]. However, in such clinically estab-
lished tasks multiple cognitive functions determine the 
overall performance and the contribution of these functions 
cannot be disentangled. By the use of the theory-driven 
parametric approach, we could demonstrate that, within the 
same letter report paradigms also used for demonstrating 
processing speed slowing, MDD patients did not show sig-
nificant changes in vSTM storage capacity, minimal effec-
tive exposure duration or top-down control. These results, 
that are in line with the TVA model [65, 66] of alertness-
related changes in processing speed and not in other atten-
tional parameters, indicate that a reduced speed of visual 
information processing might be a core constraint in atten-
tional processing in MDD. While the results need to be rep-
licated in larger samples, at present state they imply that 
this slowing is not a secondary consequence of, for exam-
ple, limitations to short-term maintenance or from abnor-
mal distractibility levels. Notably, such a basic impairment 
in processing speed will lead to below-average perfor-
mance in all task that require speeded processing of mul-
tiple visual stimuli. Thus, it might well explain observed 
impairments in various tasks including those used to assess 
higher-order cognitive functions [e.g. 64].

Second, the TVA-based assessment is not confounded 
with possible changes in motor performance. This is impor-
tant since, in MDD patients, unspecific psychomotor effects 
that could result, for example, from pharmacological treat-
ment, might affect response times in tasks that require fast 
motor performance. As the TVA-based assessment meas-
ures speed via report performance across different exposure 
durations, we can infer that slowing in processing speed 
parameter C indeed reflects cognitive (rather than unspe-
cific motor) slowing.

Third, based on the neural TVA model [NTVA, 44], an 
interpretation of perceptual slowing at the neuronal level is 
for the first time possible. The neural interpretation of TVA 
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makes a specific link between the speed of visual categori-
zation of an object and activations in the set of neurons that 
represent this object. That is, both the number of neurons 
representing object x and the activation level of the individ-
ual neurons representing object x are determinative of the 
speed at which the object is perceptually categorized. Thus, 
a strict TVA-based interpretation of our results is that MDD 
leads to a pathological reduction of the set of neurons that 
are allocated to the processing of visual information or to 
a decrease in the individual activation level of these neu-
rons. This mechanistic description might be too simplified 
to account for complex processes on the brain network 
level. In more general terms, the close relationship between 
the TVA parameter visual processing speed to the concept 
of alertness, both theoretically [44] and empirically [e.g. 
28–31], implies a pathologically low arousal resulting from 
functional connectivity changes in fronto-parietal alertness 
networks in MDD patients [18–20].

TDCS‑induced changes: No immediate effects of tDCS 
in MDD patients or control participants

No significant effects were revealed directly following 
the application of verum compared to sham tDCS in the 
MDD patient or the healthy control group. These results 
are important, as they indicate that changes in resting state 
membrane potentials of neurons induced by tDCS over 
the dlPFC do not lead to immediate changes in processing 
speed. Thus, effects found later on cannot result from such 
unspecific arousal effects.

TDCS‑induced changes: Significant improvement 
of visual processing speed in MDD patients in follow‑up 
assessment

The significant time point × stimulation interaction in the 
MDD patient group indicated that, in the verum group, a 
significant enhancement of parameter processing speed C 
was found exclusively at the follow-up assessment, while 
no comparable effects were found in the sham group. These 
findings imply that even a single session of excitatory 
2 mA tDCS over the left dlPFC leads to enduring modifica-
tions in fronto-parietal alertness networks on the brain level 
that in turn give rise to enhanced alertness-dependent pro-
cessing speed on the neurocognitive level. In terms of the 
neurophysiological basis, this delayed effect on processing 
speed, observed 24 h after the stimulation, is most likely 
not the result of immediate membrane polarization effects. 
Rather, the durable enhancement of processing speed could 
result from tDCS-induced NMDA-receptor-dependent 
plasticity effects [13, 67, 68]. On a large-scale level, these 
after-effects may indicate tDCS-induced changes in the 
intrinsic fronto-parietal alertness network. Such functional 

connectivity changes might occur, and/or manifest in 
behavioural changes, with a certain delay following the 
stimulation [16, 69]. Further tDCS studies which combine 
attention with resting state fMRI assessment could test 
these assumptions more directly.

A NTVA-based interpretation of our results implies that 
tDCS over the dlPFC reactivates the pathologically under-
aroused processing system in MDD patients via mecha-
nisms that lead to a higher number of neurons involved 
in processing visual information and/or that increase the 
excitability level of these neurons. Thus, the results imply 
that enhancement of prefrontal activity and/or modulation 
of functional connectivity within the compromised intrin-
sic alertness system of MDD patients by means of tDCS 
[16, 25, 27] triggers increased activation within the visual 
perceptual system when faced with visual target informa-
tion. Given the overall relevance of intrinsic alertness to 
various tasks requiring fast information processing speed, 
our results imply benefits in daily life, and thus clinical 
behavioural relevance of brain activity and connectivity 
modulations induced by tDCS over the dlPFC. While there 
is previous evidence that single sessions of dlPFC tDCS 
can ameliorate unspecific cognitive deficits in MDD [35, 
70, 71], we provide novel evidence for enduring beneficial 
effects—especially on the alertness-related visual process-
ing speed.

To the best of our knowledge, similar consolidating 
effects of single sessions of tDCS were so far only docu-
mented for stroke patients who showed improved atten-
tional performance even for four weeks [72]. It is of course 
important to determine to what degree repetitive stimula-
tion leads to more pronounced and enhanced longevity of 
the benefits. However, before testing attentional param-
eter changes in a more comprehensive, repetitive treatment 
study in MDD patients, it was important, as a proof of con-
cept, to demonstrate that dlPFC does actually affect these 
parameters [73].

We found differential effects of tDCS stimulation 
depending on the analysed attention parameter and par-
ticipant group. First, tDCS influenced only the processing 
speed parameter C in MDD patients, whereas there was 
no indication of changes in the remaining TVA attention 
parameters. This is exactly the effect that was most likely 
to be expected since processing speed involves the function 
that should be modulated by activating the fronto-parietal 
alertness network. Furthermore, this is the function for 
which there is a possibility to ameliorate a deficit by means 
of tDCS which in turn should be reflected in an enhancing 
effect on the TVA parameter processing speed C, i.e. on the 
function showing a deficit. This implies that tDCS affects 
core deficits rather than improving performance on atten-
tion-related tasks indirectly via other modes of actions. 
Further, note that the only parameter enhanced by verum 
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tDCS, processing speed C, was also the only parameter 
that differed between MDD patients and controls at base-
line assessment. Second, we did not find a specific effect 
of verum tDCS in healthy control participants. Admittedly, 
they exhibited a better processing speed with increas-
ing practice, however, the lacking interaction between 
time point and tDCS condition indicated that these slight 
practice effects did not differ between healthy control par-
ticipants in the verum and sham condition. These results 
imply that effects of tDCS over the dlPFC critically depend 
on baseline performance level and might be restricted to 
low-performing participants, similar to cognitive enhance-
ment effects of psychostimulant drugs [28, 74]. The neural 
underpinning of baseline and treatment response differ-
ences in MDD patients compared to healthy control par-
ticipants might be a difference in baseline cortical activ-
ity. As baseline activity is considered to be a crucial tDCS 
response determinant [e.g. 17], the likelihood of prefrontal 
tDCS to affect cognitive performance might be related to 
the initial degree of activation (and possibly connectiv-
ity) of the fronto-parietal system. Importantly, the rela-
tionship between arousal level and cognitive performance 
is assumed to follow an inverted U-shape function, with 
a small range of optimal performance at medium arousal 
level [75]. Hence, in patients with MDD characterized by 
hypoactivated PFC areas [e.g. 21, 23], tDCS might shift the 
degree of activation into the optimum range, while healthy 
participants with normal baseline arousal levels might not 
further benefit from tDCS-induced arousal increases.

Limitations

This study is limited by the fact that all patients were on 
antidepressant medication, implying that the effect of 
MDD on cognition as well as the tDCS effect could not be 
investigated independently of potential confounding medi-
cation effects. However, despite the concurrent intake of 
antidepressant medications, MDD patients demonstrated 
a specific cognitive impairment (i.e. reduced processing 
speed). In contrast, a medication-induced effect should be 
reflected in ‘global’ effects affecting all parameters. Moreo-
ver, in studies employing a repetitive stimulation protocol, 
therapeutic tDCS is typically applied add-on to antide-
pressant medications [76]. Therefore, our result of tDCS-
induced cognitive effects despite concurrent antidepressant 
medication is highly relevant. Furthermore, four patients 
of the sham condition and two of the verum condition had 
the possibility to receive rescue medication with benzodi-
azepines (maximum 1.5 mg lorazepam equivalents, but 

no permanent treatment with benzodiazepines) during the 
study.

Moreover, the current sample size is rather small. Thus, 
replicating this study with a larger sample is necessary 
to further confirm the robustness of the results. The two 
study groups differed significantly with respect to educa-
tion level. While our confirmatory analyses controlling for 
education influences replicated all our results, further test-
ing with a strict matching procedure by recruiting patients 
who correspond to healthy controls with respect to every 
demographic variable is warranted. Our results support a 
functional contribution of the dlPFC to alertness-depend-
ent visual processing speed. However, we cannot exclude 
that the beneficial effects attributed to anodal dlPFC stim-
ulation are confounded by effects induced by the cathode 
positioned on the right supraorbital region. To avoid these 
potential cathodal stimulation effects, an extracephalic 
electrode configuration could be considered alternatively, 
but this would possibly also influence the cortical current 
flow [71]. Finally, we did not evaluate more enduring stim-
ulation after-effects, e.g. one week post-stimulation. There-
fore, future studies should conduct long-term follow-ups to 
assess the stability of the effects going beyond 24 h after 
stimulation.

Concluding remarks

The parametric assessment of attentional functions based 
on the TVA enabled us to tease apart the rather subtle 
effects of tDCS over the left dlPFC on different neuro-
cognitive components. That is, in line with the known 
relevance of fronto-parietal networks to the state of alert-
ness, we were able to identify a specific beneficial effect 
on TVA parameter visual processing speed C. As this effect 
was specific for the MDD patient group (and not found 
in healthy participants), processing speed enhancements 
following stimulation of left dlPFC seem to be more pro-
nounced and might even be restricted to participants with 
low baseline activity in left fronto-parietal systems.

Taken together, by combining tDCS with TVA analy-
sis in a partial and whole report paradigm in a sham-con-
trolled, randomized, double-blind study, we were able 
to show (i) that MDD is associated with a significantly 
reduced rate of visual information uptake and, most criti-
cally, (ii) that activating the prefrontal alertness system by 
means of tDCS ameliorated this deficit. Our results sug-
gest that even a single session of anodal tDCS stimula-
tion over the dlPFC has relatively enduring effects—even 
going beyond the stimulation intervention—on an attention 
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function depending on intrinsic alertness, and more specifi-
cally on visual processing speed.
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