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A B S T R A C T

Background: Youth with attention-deficit/hyperactivity disorder (ADHD) exhibit increased effort aversion, likely
due to deficits in anticipatory dopamine firing. Previous research has shown that transcranial direct current
stimulation (tDCS) targeting the right prefrontal cortex can enhance activity in dopaminergic meso-striatal re-
gions. However, the extent to which this specific tDCS configuration effectively modulates effort behavior in
anticipation of rewards in ADHD remains uncertain.
Hypothesis:We expected an increase of effort maintenance and invigoration during and following our tDCS set-up
compared to sham in subjects with ADHD.
Methods: Twenty-four children and adolescents with ADHD (mean age: 11.6 years; 95 % CI [10.7, 12.4]) received
2 mA and sham tDCS for 20 min each. The anode was positioned over the ventromedial prefrontal cortex (PFC),
while the cathode was placed over the right dorsolateral PFC, generating an electrical field with maximal
strength in the right PFC. During and after the tDCS sessions, participants performed a button-pressing task
aimed at earning delayed monetary rewards. Primary outcomes were effort maintenance (frequency of button
presses) and invigoration (slopes of button presses), measuring motor task performance.
Results: We observed a significant increase in effort maintenance both during (b = 2.66; p < 0.001) and after
tDCS (b = 2.04; p= .007) compared to sham. No significant difference was found for invigoration during
stimulation, while after bonferroni correction (p = 0.025) a non-significant decrease was found after tDCS
compared to sham (b = − 5.18; p = 0.041).
Conclusion: tDCS targeting the ventromedial PFC (anodal) and right dorsolateral PFC (cathodal) increases effort
maintenance in children and adolescents with ADHD.

1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is the most com-
mon neurodevelopmental disorder in childhood and adolescence, with
an estimated prevalence of 5.3 %. It is associated with an increased risk
of comorbid diagnoses (e.g., depression or substance abuse disorder)
and later adult occupational impairment. According to the DSM-5, the
core symptoms are hyperactivity, impulsivity, and inattention [1,2]. The
biological underpinnings of these symptoms are heterogeneous, but

individuals with ADHD often experience motivational impairments that
may be closely related to their aversion to effortful behavior in the
context of a deficit in reward anticipation [3,4]. For example, compared
to control children, individuals with ADHD tend to favor
low-effort/low-reward options over high-effort/high-reward alterna-
tives in activities that involve cognitive and physical demands [5].
Additionally, they may allocate less effort when faced with a high-effort
trade-off and less effortful learning strategies were associated with
poorer memory performance [6,7]. Structural changes and

* Corresponding author. Clinic and Polyclinic for Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy, University Hospital Cologne, Robert-Koch-
Str. 10, Building 53, Germany.

E-mail address: jasper.voeckel@uk-koeln.de (J. Vöckel).

Contents lists available at ScienceDirect

Brain Stimulation

journal homepage: www.journals.elsevier.com/brain-stimulation

https://doi.org/10.1016/j.brs.2024.07.018
Received 2 February 2024; Received in revised form 19 July 2024; Accepted 28 July 2024

mailto:jasper.voeckel@uk-koeln.de
www.sciencedirect.com/science/journal/1935861X
https://www.journals.elsevier.com/brain-stimulation
https://doi.org/10.1016/j.brs.2024.07.018
https://doi.org/10.1016/j.brs.2024.07.018
https://doi.org/10.1016/j.brs.2024.07.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2024.07.018&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Brain Stimulation 17 (2024) 899–906

900

abnormalities of dopamine metabolism in the reward circuitry may
underlie these motivational dysfunctions. For instance, a functional
magnetic resonance imaging study found reduced activation in the
medial frontal cortex and thalamus during reward anticipation [8].
Moreover, studies have suggested a reduction in anticipatory dopamine
cell firing in individuals with ADHD [9].

First line treatment with stimulants (e.g. methylphenidate) and
second line treatment with non-stimulants (e.g. atomoxetine) are
effective in reducing symptoms of ADHD [10] and may increase the
motivation to exert effort [5,10–13]. However, side effects such as
decreased appetite, decreased growth, or insomnia, as well as treatment
non-response or non-compliance are important limitations of pharma-
cological treatment [10,14]. In this regard, transcranial direct current
stimulation (tDCS) is a promising third-line treatment approach. tDCS
involves the application of a weak constant current to modulate brain
activity, can be applied at home, and is associated with only mild side
effects (e.g., tingling, itching, or mild burning sensation) [15,16]. A
common set-up that includes an anode and a cathode is thought to
enhance cortical excitability at cortical sites near the anode and decrease
excitability near the cathode [17]. So far, findings on tDCS in ADHD are
mixed. A decrease in delay discounting was found in a delay discounting
paradigm, where children with ADHD could choose between an imme-
diate small amount of chocolate or a delayed greater amount of choc-
olate [18]. Additionally, some improvements in measures of inhibitory
control were found in using tasks such as the go/no-go paradigm or the
flanker task. However, results were limited to subscores of the tasks
and/or by very small sample sizes. The majority of studies used anodal
stimulation of the left dorsolateral prefrontal cortex or right frontal
cortex with currents mostly in the range of 1 mA–1.5 mA [19,20]. One
reason for these mixed findings could be the application of suboptimal
stimulation parameters targeting youth with ADHD.

Using tDCS, a recent study modulated subcortical dopamine levels in
healthy adults by placing an anode over the ventromedial prefrontal
cortex (vmPFC) and a cathode over the right dorsolateral prefrontal
cortex (rDLPFC). Specifically, neuronal activity similar to that induced
by L-DOPA administration was elicited in mesostriatal regions, which
are involved in the regulation of reward processing [21]. Additionally,
anodal stimulation of the vmPFC may upregulate the cognitive process
of reward anticipation and valuation [18,22,23], especially in the
context of motivational behavior in ADHD [20]. However, it has not yet
been demonstrated whether this tDCS setup effectively modulates effort
behavior in response to rewards, specifically in a clinical cohort of
children and adolescents with ADHD. In addition, it is unclear whether
effects in tDCS are only observed during stimulation or show short-term
aftereffects in cortical activity. Moreover, findings in human cadaver
brains showed that approximately 75 % of currents applied using tDCS
are attenuated by natural barriers such as skin and skull. It has been
proposed that tDCS with 4–6 mA may be needed to effectively modulate
neuronal activity in adults [24]. However, in children and adolescents
similar results are missing, natural barriers are smaller and current
densities through tDCS are approximately 21–26 % higher compared to
adults [25]. Therefore, lower currents could be sufficient to achieve
neuromodulatory effects.

In light of these considerations, this study aimed to modulate effort
behavior in response to delayed rewards in children and adolescents
with ADHD using the described tDCS set-up that has been shown to
modulate subcortical dopamine levels. Further, we used a stimulation
intensity of 2 mA, given the finding of higher currents to be needed to
modulate neuronal activity. During and after tDCS, children and ado-
lescents with ADHD performed an effort allocation task in which they
had to repeatedly press a button to earn rewards that were not delivered
until the end of the experiment [26]. This task has the advantage of
directly measuring the motor performance during effort allocation in
anticipation of rewards, compared to previous studies that primarily
focused on cognitive measures of reward processing. The anticipation of
rewards has been proposed to be highly dopamine dependent [27]. We

assessed two main outcome parameters: effort maintenance and invigo-
ration. Effort maintenance referred to the frequency of button presses
throughout the task, whereas invigoration described the increase in
button presses (i.e., slope) when a prospective reward was presented. In
ADHD, both the maintenance of effort and drive to initiate effortful
behavior are altered by dopaminergic drugs [5,11]. Therefore both pa-
rameters may be modulated by potentially increasing dopaminergic
neuronal activity.

First, we expected that tDCS with anode placement over the vmPFC
and cathode placement over the rDLPFC at an intensity of 2 mA would
improve effort maintenance and invigoration in children and adoles-
cents with ADHD, compared to sham when the task was performed
concurrently. Second, we hypothesized that tDCS would have a sus-
tained effect compared to sham when the effort task was completed
following stimulation and therefore aimed to investigate short-term
aftereffects.

2. Methods

2.1. General procedure

The study was a pre-registered (DRKS00029410 at drks.de/search/
en) cross-over, triple-blind, sham-controlled, randomized clinical trial,
designed to include 24 right-handed children and adolescents with
ADHD between 8 and 17 years of age. The study aimed for a statistical
power of 80 % [28] at an alpha level of 0.05 and an expected medium
effect size of d = 0.69. Subjects with autism spectrum disorder, anxiety
disorder (except specific phobia), tic disorder, personality disorder,
depression, eating disorder, and an IQ < 85 were excluded from
participation. Long-acting stimulant medication was discontinued for
48 h, while immediate-release stimulant medication was paused for 24 h
prior to the tDCS intervention. Parents, participants with ADHD, the
experimenter, and the data analysist were blinded to the stimulation
condition. Data were collected between November 2022 and April 2023
at the university hospital for child and adolescent psychiatry cologne.
The study was approved by the Ethics Committee of the Medical Faculty
of the University Hospital of Cologne (ID: 00013774) and conducted in
accordance with the Declaration of Helsinki and the Good Clinical
Practice Guidelines of the International Council for Harmonization [29].
European regulations for medical device ((EU) 2017/745) were met.

The study comprised three site visits, including diagnostics and two
days of intervention with at least 24 h of washout period between the
two stimulation sessions (Fig. 1). Each subject completed the task with
both tDCS and sham stimulation on two separate days. The randomi-
zation process is detailed in the supplementary material. Participants
first received 3 min of tDCS or sham stimulation and then began the
effort allocation task (EfAT) with concurrent stimulation. In total stim-
ulation lasted 20 min. The task was repeated 10 min after the end of the
stimulation without stimulation (tDCS or sham).

2.2. Diagnostics

After obtaining written informed consent from each child and their
legal guardians, all subjects were screened for inclusion and exclusion
criteria. To confirm and classify the diagnosis of ADHD according to the
DSM-5, a structured clinical interview was administered by an experi-
enced child and adolescent psychiatrist (Kinder-DIPS) [30]. In addition,
ADHD symptom severity was assessed using the DISYPS-III ADHD self-
and parent rating scales [31]. Right-handedness was assessed using the
Edinburgh Handedness Inventory [32]. The Culture Fair Intelligence-20
Revised Test (n = 17) was administered, unless subjects had already
undergone IQ diagnostics in the previous 2 years [33]. If IQ had been
measured previously, assessment was either based on the Wechsler In-
telligence Scale for Children (n = 6) or the Kaufman Assessment Battery for
Children (n = 1) [34,35].
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2.3. Transcranial direct current Stimulation

Each subject was stimulated with a battery-powered electrical
stimulator (DC-Stimulator plus, NeuroConn, Ilmenau, Germany) at 2 mA
(active) and 30 s ramp-in and ramp-out for 20 min on two different days.
The order of stimulation was randomized and counterbalanced.
Impedance was maintained below 5 kΩ at all times. Sham stimulation
consisted of a weak current of 110 μA every 550ms, which produces side
effects similar to tDCS but has no effect on brain activity. The anode (3.5
× 3.5 cm) was placed over Fpz and the cathode (5 × 5 cm) over F4,
according to the international 10–20 EEG electrode placement system
[36] using a 10-10 electrode placement cap (Easycap GmbH, Wörthsee,
Germany). Electrodes were placed using Ten20 conductive paste
(Weaver and Company, Aurora, CO, USA). To avoid bridging between
electrodes and optimize the electrical field strength, a distance of
approximately 4 cm was maintained between electrodes [37], in
contrast to existing recommendations [38]. Using this electrode place-
ment, similar neuronal activity was found in fMRI after L-Dopa admin-
istration and tDCS in mesostriatal regions [21]. Side effects were
systematically assessed after each stimulation session using an adjusted
version of the NIBS tolerability questionnaire [15]. For blinding pur-
poses, a code was assigned to the experimenter, who then entered it into
the tDCS device. These codes indicated either sham or 2 mA tDCS, but
the experimenter and subjects did not know to which setting the codes
related. A random order of codes was generated by a third person not
conducting any assessments. The electrical field of the stimulation was
modeled using SIMNIBS 4 by placing our electrodes on the example MRI
model “ernie” (Fig. 1) [39].

2.4. Effort allocation task (EfAT)

The task assessed the primary outcome parameters of effort mainte-
nance and invigoration. It began 3 min after the tDCS initiation and lasted

for 17 min (Fig. 2). The task was adapted from Neuser et al. (2020) and
slightly modified to make it suitable for children and adolescents [26].
Prior to the tDCS, each participant’s maximum effort was calibrated. To
do this, a tube containing a blue ball appeared on the screen. Subjects
were asked to move the ball to the top of the screen by repeatedly
pressing a button on the X-Box controller during two trials of 10 s (s)
each. To provide immediate feedback on the maximum ball position, a
blue horizontal line always marked the highest position of the ball.
Subjects then completed four practice trials on each day before starting
the actual task. Only before the first session, these practice trials were
also used to update the maximum button pressing frequency if the level
reached in the calibration trials was exceeded. The assessed maximum
button pressing frequency was kept constant on both intervention days
and was used to adjust the level of difficulty for each subject. The level of
difficulty varied between 75 % (low) and 85 % (high) of the individual’s
maximum frequency by varying a red threshold line shown in Fig. 2C.

The task consisted of 24 trials, each lasting 30 s. Subjects were
instructed to repeatedly press a button on an X-Box controller to keep a
ball over a red line in order to earn points. At the end of the task, these
points were converted into monetary rewards based on a predetermined
reward level (high vs. low) set at the beginning of each trial. In the high
reward condition, each point earned was multiplied by 10, while in the
low reward condition, points were multiplied by 1. The order of the
reward levels was randomized at the start of every session. Participants
had the opportunity to earn 5 cents for every 100 points accumulated,
with the actual payment being made at the end of the experimental
session.

A detailed experimental procedure is shown in Fig. 2 and described
below. First, a fixation cross was displayed for a duration of 2 s with
varying jitter time intervals to prevent anticipation of the trial onset (A).
Next, a picture appeared for 1 s, indicating either the low or high reward
condition (B). Next, a display with a ball in a tube and a red line was
presented, and subjects had to repeatedly press the button of an X-Box

Fig. 1. A) Study procedure. B) Electrical field simulation of the tDCS. The anode was placed over the venteromedial prefrontal cortex (Fpz) and the cathode over the
right dorsolateral pre-frontal cortex (F4). The maximum electrical current strength was generated in the right prefrontal cortex. EfAT = Effort Allocation Task, mA =

milli Ampere, tDCS = transcranial direct current stimulation.
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controller (Nacon, France) to keep the ball above the red line. For each
second that the ball was held over the red line, subjects earned one
point, and the total number of points earned in a trial was simulta-
neously displayed in a counter in the upper right corner of the screen.
The level of difficulty (low vs. high) alternated every trial (C). After each
trial, a visual analog scale was displayed to provide feedback on the level
of exertion (D). After 12 trials, there was a 15-s rest period. At the end of
the task, the points earned and the corresponding amount of money
were displayed.

The same task was repeated 10 min after the tDCS without stimu-
lation to assess possible aftereffects. It was programmed using MATLAB
(The MathWorks, Massachusetts, USA) and displayed using the Psy-
chophysics Toolbox extensions [40]. Detailed analysis of our primary
outcome parameters maintenance (relative frequency of button presses)
and invigoration (slope of button presses) are described in the supple-
mentary material.

2.5. Statistics

Two repeated measures multilevel mixed-effect models were esti-
mated, one for effort maintenance and one for invigoration, to analyze
effects first during stimulation (tDCS vs. sham) and second after stim-
ulation. We hypothesized a consistent increase in effort maintenance
and invigoration during and after tDCS compared to sham. Each model
included the interaction term of stimulation condition (sham vs. tDCS)
by time (concurrent vs. sequential task performance), as well as the
predictors difficulty (high vs. low target line), reward magnitude (high
vs. low rewards), trial number (to account for motor exhaustion) and
session number (to account for learning effects and the order of stimu-
lation condition). In addition, we included the interaction terms treat-
ment by time by reward magnitude, treatment by time by difficulty, and
treatment by time by reward magnitude by difficulty. The model
included random intercepts at the individual level. The treatment by
time interaction term allowed us to estimate the difference-in-difference
of the tDCS treatment effect. Thus, to evaluate our hypothesis of con-
stant treatment effects, we expected a non-significant interaction be-
tween the task performance during and after tDCS compared to sham.
Next, from our model we calculated the marginal effects of time (con-
current vs. sequential task performance) and stimulation condition
(sham vs. tDCS) in our data set. The calculation of marginal effects
allowed us to compare the effect of tDCS either during or before task
performance on effort maintenance and invigoration, assuming constant
covariates (rewardmagnitude, level of difficulty, trial, session sequence)
referenced to its corresponding control condition. Significance levels
were adjusted by Bonferroni correction (p = 0.025) based on our two a
priori hypotheses (maintenance and invigoration). Additionally, in an

exploratory analysis, we calculated marginal effects of reward magni-
tude (low vs. high) and the level of difficulty (low vs. high). Cohens f2

effect sizes were calculated [41]. Statistical comparison of blinding to
the stimulation condition was performed using a Chi-Squared test. An-
alyses were performed with Stata 17 (Stata Corp, Texas, USA).

3. Results

3.1. Study sample

Our final sample included 24 subjects with ADHD and is presented in
full detail in Table 1. All subjects were right-handed with a mean
handedness score of 90.36 (SD: 9.71).

3.2. Effects of transcranial direct current stimulation on effort
maintenance and invigoration

Using a repeated measures mixed-effects model, we first analyzed
the effects on effort maintenance (Table 2, F17,2263.07 = 7.52; p <
0.001). We observed an increase in effort maintenance both during task
performance concurrent with (p < 0.001; b = 2.66; z(23) = 3.52; 95 %
CI [1.18, 4.13]; f2 = 0.02) and after tDCS (p = .007; b = 2.04; z(23) =
2.71; 95 % CI [0.56, 3.52]; f2 = 0.01) compared to sham. Regression
coefficients (b) indicate that tDCS resulted in a small, but significant
2.66 % increase in the frequency of button pressing during task per-
formance concurrent with tDCS and a sustained effect for a task per-
formance immediately following tDCS, with a 2.04 % increase in effort
maintenance (Fig. 3). Moreover, as expected, participants engaged in
mostly economically effective behavior during task performance. Par-
ticipants increased button presses on high reward trials compared to low
reward trials both during (p < 0.001; b = 4.11; z(23) = 5.40; 95 % CI

Fig. 2. Trial Sequence of the Effort Allocation Task: (A) Fixation cross. (B) Reward Condition. (C) Level of difficulty and 30 s (s) of repeated button pressing to obtain
the reward. (D) Visual Analogue Scale with exertion rating. RF = relative frequency.

Table 1
Study sample.

Age in years (Mean, [95 % CI]) 11.6 [10.7, 12.4]
Intelligence quotient (Mean [95 % CI]) 106.5 [100.2, 112.7]
ADHD-Subtype
Combined (n) 17
Hyperactive/impulsive (n) 2
Inattentive (n) 5
Sex (n of male/female/divers) 21/3/0
Comorbid Diagnosis
Oppositional Defiant Disorder (n (%)) 6 (25 %)
Specific Phobia (n (%)) 4 (12.5 %)
Disruptive Affect Regulation (n (%)) 2 (8 %)
Insomnia (n (%)) 6 (25 %)
Enuresis diurnal (n (%)) 1 (4 %)
Enuresis nocturna (n (%)) 1 (4 %)
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[2.61, 5.59]; f2 = 0.03) and after (p < 0.001, b = 5.41; z(23) = 7.12; 95
% CI [3.92, 6.89]; f2 = 0.04) stimulation. During trials with a high level
of difficulty compared to a low level of difficuly we found a significant
decrease in effort maintencance both during (p= .004; b = − 2.14; z(23)
= -2.85; 95 % CI [− 3.62, − 0.66]; f2 = 0.01) and after (p= .002; b =

− 2.38; z(23) = − 3.16; 95 % CI [− 3.85, − 0.91]; f2 = 0.01) stimulation.
Not surprisingly, we found a small decrease in the button press fre-
quency with increasing task duration (exhaustion effect, p = .004, b =

− 0.12; t(23) = − 2.87; 95 % CI [-0.19, − 0.04]). No effect of session
sequence (order of tDCS or sham) was found (p= .503, b= 0.18; t(23)=
0.51; 95 % CI [-0.35, 0.72]). Interaction terms included in the model did
not reach significance (see Supplementary Material).

An identical repeated measures mixed-effects model was used to
evaluate the effect of tDCS on invigoration (F17,2213.91 = 2.09; p=.005).
We did not observe a significant effect on task performance during tDCS
(p = .933, b = − 0.21; z(23) = − 0.09; 95 % CI [− 5.14, 4.71]; f2 < 0.01).
Performance after tDCS showed slightly reduced invigoration slopes (b
= − 5.18; f2 < 0.01) compared to sham stimulation (p = .041; z(23) =
− 2.05; 95 % CI [− 10.15, − 0.22]). This reduction was not significant at
the Bonferroni corrected alpha level (p = .025). This result indicates no
significant change in the initial increase in button press rates in prospect
of a reward during tDCS, and a slightly (non-significant) reduced initial
drive of button presses when the task was performed after tDCS
compared to sham stimulation. During high reward trials, the invigo-
ration slope increased significantly both during (p < 0.001, b = 9.01; z
(23) = 3.56; 95 % CI [4.04, 13.97]; f2 = 0.01) and after (p=.002, b =

7.78; z(23)= 3.05; 95 % CI [2.78, 12.79]; f2= 0.01) stimulation. During
trials with a high level of difficulty compared to a low level of difficulty,
we found no significant differences in invigoration slope both during
(p=.249, b = − 2.89; z(23) = − 1.15; 95 % CI [− 7.81, 2.02]; f2 < 0.01)

Table 2
Effect of tDCS (2 mA vs Sham) on task performance concurrent and after stim-
ulation. During and after tDCS we observed a significant increase of effort
maintenance compared to sham. Coefficients describe the direction of behav-
ioral effects for tDCS compared to sham (positive coefficients being an increase
and vice versa). Bonferroni corrected alpha-levels were p = 0.025. B = un-
standardized beta regression coefficient, 95 % CI = 95 % Confidence Interval.

B z-Value 95 % CI p-Value

Effort Maintenance
Concurrent to stimulation 2.66 3.52 [1.18, 4.13] <0.001*
After stimulation 2.04 2.71 [0.56, 3.52] 0.007*
Invigoration
Concurrent to stimulation − 0.21 − 0.09 [-5.14, 4.71] 0.933
After stimulation − 5.18 − 2.05 [-10.15, − 0.22] 0.04

Fig. 3. Group difference (A) and intraindividual difference (Δ of tDCS minus sham, B) illustrating the effects of tDCS compared to sham on effort maintenance
(relative effort) and invigoration (slope). We observed a significant 2.66 % increase in effort maintenance during concurrent task performance with tDCS compared to
sham, and this effect persisted during post-stimulation task performance, with a difference of 2.04 %. Marginplots of average treatment effects with 95 % confidence
intervals are shown.
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and after (p=.829, b = 0.54; z(23) = 0.22; 95 % CI [− 4.41, 5.51]; f2 <
0.01) stimulation. In addition, the invigoration slope was lower in later
trials of the task (p = .006, b = − 0.36; t(23) = − 2.76; 95 % CI [-0.62,
− 0.11]) and was not significantly affected by session sequence (p =

.597, b = 0.48; t(23) = 0.53; 95 % CI [− 1.31, 2.28]). None of the
interaction terms included into the model reached significance (Sup-
plemental Material).

3.3. Side effects

Subjects receiving tDCS experienced tingling (87.5 %), itching (12.5
%), headache (4.2 %), nausea (4.2 %), and mild burning (87.5 %), red
skin (41.7 %), and mild warming (29.2 %) under the electrode. Nausea
was reported to be unrelated to the intervention. With the exception of
red skin, side effects did not persist beyond 30 min following the
intervention. Additionally, no side effects were reported on the day after
the intervention, when we followed up with participants. Details on
sham side effects, along with a table of side effects during both sham and
tDCS, are provided in the supplementary material. Participants were
asked to guess their stimulation condition (2 mA vs. sham) after each
session, with approximately 52.1 % of the guesses being correct. This
indicates that the participants were successfully blinded to the stimu-
lation condition [χ2(1) = 0.08, p = .773].

4. Discussion

This study aimed to enhance effortful behavior in anticipation of
rewards in children and adolescents with ADHD by applying tDCS with
an anode over the vmPFC and cathode over the rDLPFC. Effects on task
performance were assessed concurrently and after tDCS. Effort mainte-
nance (maintenance of the button press rate over a longer time) was
significantly enhanced during and after tDCS compared to sham stim-
ulation. This finding suggests a possible causal relationship between our
specific tDCS application and increased motivational effort maintenance
in children and adolescents with ADHD. Contrary to our expectations,
the invigoration slope (the initial increase of the button press rate during
the trial) was not significantly affected during tDCS. However, when the
task was performed after tDCS, the initial motivational drive as reflected
by the invigoration slope was slightly reduced.

The main finding was a significant increase in effort maintenance for
both, task performance during and after tDCS compared to sham.
Thereby, tDCS may have led to a reduced aversion to exerting effort. The
study achieved a random balance in the order of stimulation conditions,
and the statistical model adjusted for the order of task performance,
independent of the stimulation condition. Additionally, we controlled
for the number of trials in each task to reduce these potential con-
founders. Therefore, it can be assumed that the tDCS effect is not pri-
marily influenced by motor learning or motor exhaustion.

This proof-of-principle study indicates that the effect of tDCS on
effort maintenance is small and therefore may not be clinically relevant.
However, the effect was intra-individually stable (see Fig. 3B), sug-
gesting it may be well replicable. To further contextualize the small but
statistically significant effects behaviorally, we compared them to the
effects of reward magnitude (high vs. low) and level of difficulty (high
vs. low) in our paradigm. We found that the effect of tDCS was smaller
than reward magnitude but similar to the behavioral changes elicited by
the difficulty levels. Additionally, the small effects align with findings
from previous studies modulating motivational behavior in subjects
with ADHD using dopamine agonists in neurobehavioral paradigms. For
example, in a lever-pressing task aimed at gaining rewards, methyl-
phenidate intake increased performance in subjects with ADHD on
compared to off medication, with a small effect size [42]. Similarly,
another study found that amphetamine increased the willingness to
exert effort in subjects with ADHD compared to a placebo. Notably,
consistent with the results from this study, the effect on reward
magnitude was greater than the effect of the intervention [5].

In this study, an increase in effort maintenance even after controlling
for reward condition (high vs. low) was observed, suggesting that the
effect of an increased effort maintenance is independent of reward
magnitude. To our knowledge, one previous study used tDCS to modu-
late anticipatory reward behavior, but not effortful behavior, in children
with ADHD using tDCS. In this previous study, the cathode was posi-
tioned over the left DLPFC and the anode over the vmPFC. In a chocolate
delay discounting task reduced delay discounting rates specific to high
reward conditions were found, while low reward conditions remained
unaffected during tDCS compared to sham [18]. This may indicate dif-
ferences in the valuation of reward magnitude compared to our study.
The ventral and dorsal striatum, bilateral medial prefrontal cortex
(mPFC), dorsal anterior cingulate cortex, and bilateral caudate have
been proposed to be sensitive to reward magnitude during the antici-
pation phase of reward processing [43]. Interestingly, both this study
and the described study placed the excitatory anode over the vmPFC.
However, here the cathode was placed over the rDLPFC, whereas the
other study used a cathode placement over the left DLPFC, resulting in
electrical fields pointing in opposite directions. This difference may have
differentially influenced the evaluation of reward magnitude in the
described cortical regions, especially the mPFC. Importantly, a study
using the same electrode set-up as ours found an increased reward
valuation and these valuations correlated with increased functional
connectivity between the vmPFC and the ventral midbrain [22].
Therefore, upregulation of the vmPFC by anodal tDCS may have
increased reward valuation and decreased delay discounting in the
paradigm used. The observed increase in effort maintenance, however,
might also be attributed to a downregulation of the rDLPFC through
cathodal stimulation, a key hub for cold executive functions (e.g.,
cognitive inhibitory control) [23]. However, in this study, the cathodal
stimulation was less focal, with an electrode size of 25 cm2 compared to
the anode size of 12.25 cm2, resulting in a stronger electrical field at the
anode (placed over the vmPFC) compared to the cathode (placed over
the rDLPFC). Nonetheless, the additive effect of rDLPFC downregulation
may contribute to our observed effects and more advanced designs are
warranted to disentangle the relative influence. Previous research using
a bilateral DLPFC tDCS set-up with the cathode over the rDLPFC showed
improvements in executive control [44], whereas another study did not
report effects of cathodal rDLPFC stimulation on cognitive control [45].
However, our task was not specifically designed to assess delay dis-
counting or cognitive (inhibitory) control. The specific cognitive pro-
cesses that best explain the increased motor performance for rewards
elicited by our tDCS remain to be elucidated by future studies.

In addition to these studies, two studies in healthy adults have used
tDCS over the right frontopolar cortex to affect reward-related decision-
making. These studies demonstrated increased willingness to engage in
cognitive andmotor effort, as well as improved rewardedmotor learning
[46,47]. These findings are consistent with the present results and
suggest that tDCS targeting the right frontal cortex may influence effort
decision-making preceding the engagement of subsequent motor effort,
actual motor performance in anticipation of rewards, motor learning
and reward valuation.

However, it is important to note that the two latter studies used
electrode set-ups that were different from the present study. In both
studies, the cathode was placed over the vertex, with a size of 100 cm2,
whereas here a 25 cm2 cathode was placed over the rDLPFC. Stimula-
tions intensities of either 1 mA [47] or 1.5 mA [46] were used in the
respective studies (in contrast to 2 mA in the present study). Addition-
ally, both studies placed the anode over the right fronto-polar cortex,
which differs from the positioning to the present study, where the anode
was placed over the vmPFC. All parameters are known to influence the
focality of the electrical field and thereby its neuromodulatory effect
[37]. Nevertheless, taken together, these findings suggest the right
frontal cortex as a promising cortical target for tDCS to enhance reward
processing. In future studies, it will remain to be elucidated, whether
this finding is attributed specifically to changes in motor processing (e.g.
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changes in motor speed, control or responses) or is additionally medi-
ated by other subcomponents of cognitive decision making such as delay
discounting or cognitive control.

No effects on the invigoration slope concurrent with tDCS were
observed. However, a decrease in invigoration slope after tDCS
compared to sham was shown, which was significant only before
correction for multiple testing. Whether the limited power of this initial
study may explain the inconclusive effect needs to be evaluated in future
larger scale studies. Interestingly, transcutaneous vagus nerve stimula-
tion (tVNS) was found to increase invigoration, whereas no effect was
observed for effort maintenance using the same task [26]. The finding
could be explained by different mechanisms of action on the reward
circuitry by tDCS targeting the right prefrontal cortex and tVNS. Acute
tVNS might be associated with stronger effects in the initial drive,
potentially by a bottom-up mechanism increasing stomach-brain
coupling via the nucleus of the solitary tract pathway [48]. Whereas
our tDCS set-upmight favor effort maintenance via a top-down pathway,
increasing the connectivity between the vmPFC and ventral midbrain
[22]. However, a direct comparison is limited, given that healthy adults
were stimulated in contrast to the present sample our children and ad-
olescents with ADHD.

The study has several limitations that need to be recognized and
addressed in future research. Only a limited number of subjects were
included, which may have exaggerated effects of the stimulation that are
not estimated at high precision. Results need proper replication in larger
studies. Subjects aged between 8 and 17 years were included, encom-
passing various stages of brain maturation. Future studies should
investigate whether tDCS effects are limited to specific age groups.
However, all of our included subjects had an onset in ADHD in early
childhood and fulfilled the diagnostic criteria at the time of study in-
clusion. No baseline data were obtained from healthy participants.
Therefore, no conclusions can be drawn to what extent the investigated
reward-related performance is actually affected in the investigated study
sample. No conclusions can be drawn on long-term treatment effects in
ADHD, as only acute and carry-over effects up to 30 min after tDCS were
assessed. We were not able to conduct analysis comparing ADHD sub-
types, which needs to be addressed in future studies. In addition, it re-
mains unclear to what extent patients will benefit from this specific tDCS
stimulation clinically. Furthermore, results do not generalize to cogni-
tive tasks, as only motor performance was assessed.

In summary, the present study demonstrates the general ability of
tDCS using an anode over the vmPFC and a cathode over the rDLPFC to
improve effort maintenance in individuals with ADHD. These findings
have implications for future research, including the exploration and
optimalization of this tDCS setup for potential long-term treatment ef-
fects of repeated tDCS sessions in ADHD. Our results may point to the
potential of an alternative treatment in modulating reward behavior in
ADHD by using tDCS. However, larg-scaled studies including extensive
follow-ups with repeated sessions are warranted, to determine whether
the observed effects translate to clinically meaningful change. Addi-
tionally, our results may imply that this tDCS setup might be investi-
gated in other pediatric disorders characterized by motivational deficits,
such as depression, to ameliorate anhedonia-related deficits.
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