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ARTICLE INFO ABSTRACT

Keywords: This study explores the impact of stress on working memory (WM) performance, and the potential mitigating
tDCS effects of transcranial direct current stimulation (tDCS) over the left dorsolateral prefrontal cortex (dIPFC) and
Stress ventromedial prefrontal cortex (vmPFC). The study had a mixed, randomized, single-blind, sham-controlled

Working memory
Brain stimulation
EEG

design, with stress induction as within-subject and stimulation condition as between-subject factors. We assessed
stress-induced WM deficits using aversive video clips to induce stress and a verbal n-back task to assess WM
performance. We analyzed physiological (cortisol and heart rate), behavioral, and electroencephalographic
(EEG) changes due to stress before, during, and after WM task performance and their modulation by tDCS. Stress
impaired WM performance in the sham stimulation condition for the 3-back load, but not for 2-back or 4-back
loads in the WM task and was associated with elevated physiological stress markers. tDCS over the vmPFC led to
better WM task performance while stimulation over the dIPFC did not. Active tDCS with both dIPFC and vmPFC
stimulation blunted cortisol release in stress conditions compared to sham. The EEG analysis revealed potential
mechanisms explaining the behavioral effects of vmPFC stimulation. vmPFC stimulation led to a decreased P200
event-related potential (ERP) component compared to the sham stimulation condition and resulted in higher
task-related alpha desynchronization, indicating reduced distractions and better focus during task performance.
This study thus shows that the vmPFC might be a potential target for mitigating the effects of stress on WM
performance and contributes to the development of targeted interventions for stress-related cognitive
impairments.

Introduction

Stress is a ubiquitous issue affecting the daily lives of millions of
people worldwide (DeVries & McFarlane, 1996). Identification of stra-
tegies to understand and combat stress is therefore relevant (Sapolsky,
2004). Stress in classical terms is defined as a state of increased allostatic
load resulting from exposure to various triggers, leading to a feeling of
loss of control over physiological and psychological responses (McEwen
& Gianaros, 2011). Acute stress enhances the activity of the
hypothalamus-pituitary axis (HPA), which shows a slow response, and
the sympathetic nervous system (SNS) which shows a rapid response,
causing increased levels of catecholamines, including norepinephrine,
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and cortisol, leading to the impairment of a broad range of cognitive
processes, ranging from attentional control to WM performance (De
Kloet et al., 2005; Lupien et al., 2007).

WM is defined as a system for temporarily storing incoming infor-
mation and manipulating it according to task demands (Baddeley,
1992). WM processes are controlled by a large-scale network of cortical
and sub-cortical areas which are prone to the effects of stress, leading to
disruption of this system (Arnsten, 2009). It has been shown in
numerous studies that WM performance is impaired by stress (Schoofs
et al., 2008; Shields et al., 2016).

Techniques such as EEG, which allows the exploration of brain os-
cillations and time-dependent changes in brain dynamics, can be used to
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investigate the physiological correlates of WM processes. Previous
research has shown that theta oscillations control goal-relevant infor-
mation and alpha oscillations suppress goal-irrelevant information
during WM task performance (Dong et al., 2015; Riddle et al., 2019),
while higher theta event-related synchronization (ERS) and higher alpha
event-related desynchronization (ERD) have been linked to increased
performance (Klimesch, 1999). Additionally, in the temporal domain,
for ERPs, it has been shown that increased P300 activity is associated
with efficient WM processing and memory updating (Dong et al., 2015;
Scharinger et al., 2017). The P300 amplitude is, moreover, sensitive to
WM load and decreases with increased load (Scharinger et al., 2017).
Furthermore, P200 activity has been linked to directing attentional re-
sources to stimuli in WM tasks and decreases with WM task training
(Herrmann & Knight, 2001; Zhao et al., 2013). Stress influences these
EEG components by decreasing frontal theta (FT) activity (Gartner et al.,
2014), reducing the P300 component (Jiang & Patrick Rau, 2017),
increasing the P200 component (Lin, Leung, et al., 2020; Yuan et al.,
2016), and decreasing alpha ERD activity (Marshall et al., 2015).

The dIPFC plays a crucial role in WM processes, and disruption of
dIPFC activity leads to impaired WM task performance (Barbey et al.,
2013). Moreover, the dIPFC is highly susceptible to stress. Functional
magnetic resonance imaging (fMRI) studies showed reduced activation
of this area due to stress during WM task performance (Qin et al., 2009).
Furthermore, the vmPFC is directly involved in stress, anxiety, and
threat appraisal (Hansel & von Kanel, 2008), and has relevant functional
connections with the dIPFC and amygdala (Ghashghaei & Barbas, 2002;
Price et al., 1996). These connections are involved in emotional regu-
lation and are impaired during stress (Arnsten, 2009). Stimulation of the
dIPFC and vmPFC also influences emotional processing by reducing
perceived valence and arousal during the presentation of emotional
pictures (Nejati et al., 2021), making these areas potential targets to
ameliorate stress-induced WM deficits. tDCS is a safe and non-invasive
technique to modulate excitability, and activity of specific brain re-
gions by delivering weak direct currents to the scalp. tDCS has been
shown to alter cortical excitability during stimulation by modulating
neuronal resting membrane potentials (acute effects) and induces neu-
roplastic effects via prolonged stimulation by glutamatergic synaptic
mechanisms (Stagg & Nitsche, 2011). tDCS also allows investigation of
the causal contribution of brain areas and networks to psychological
processes by exploring how stimulation modulates cognitive functions
(Nitsche et al., 2008) and thus might be suited to improve understanding
of brain and cognitive functions during stress. Anodal tDCS, which refers
to a surface inward current over the target area, enhances cortical
excitability, while cathodal tDCS, which refers to an outward current
over the target area, results in excitability reduction with standard
protocols at the macroscale level (Nitsche & Paulus, 2000). Thus, the
excitability-enhancing effects of anodal tDCS might be a potential tool to
stimulate prefrontal areas to rescue stress-induced deficits in prefrontal
cognitive processes.

Anodal tDCS over the left dIPFC has been shown to be effective in
modulating working memory performance (Fregni et al., 2005), and
online tDCS (stimulation during task performance) seems to exert su-
perior effects (Hill et al.,, 2016). The number of studies probing the
relevance of the vmPFC for WM performance is generally low, and the
effects are mixed. A few studies tested the effects of vimPFC stimulation
on emotional WM task performance. One study in healthy individuals
demonstrated that cathodal stimulation over the vmPFC reduces
self-prioritization in a WM task with self-associated cues (Yin et al.,
2021). A study with major depressive disorder (MDD) patients showed
that stimulation with the anode placed over the right vmPFC and the
cathode over the left dIPFC did not improve performance in an
emotional 1-back task (Nejati et al., 2022). In contrast, a similar stim-
ulation montage in children with attention-deficit hyperactivity disor-
der (ADHD) improved accuracy on the same task (Estaji et al., 2024).
Thus, we found heterogeneous results across studies probing the effects
of vmPFC stimulation on WM performance in the context of emotional or
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self-associated stimuli. Furthermore, anodal tDCS over right prefrontal
areas has been shown to blunt cortisol response to stressors (Antal et al.,
2014). Few studies have explored the impact of prefrontal tDCS on
stress-induced WM deficits, with mixed findings (Ankri et al., 2020;
Bogdanov & Schwabe, 2016; De Smet et al., 2024). In the present
experiment, focal tDCS montages to specifically stimulate the left dIPFC
and vmPFC were used, and an aversive video stressor was applied. We
collected and analyzed multiple data modalities to assess the effects of
stimulation on physiological parameters and WM performance during
stress, including cortisol, heart rate (HR), and EEG data.

Based on extensive work related to stress-induced WM deficits
(Shields et al., 2016), we expected WM deficits caused by stress in the
sham stimulation condition with stress also increasing physiological
parameters such as cortisol and HR (Gartner et al., 2014; Qin et al.,
2009). Based on the roles of the vmPFC and dIPFC in emotional regu-
lation and working memory performance, we anticipated that tDCS over
these areas would improve WM task performance and limit
stress-related cortisol release. Previous research has not extensively
explored the associations of stress, WM performance, and tDCS together
in the context of physiological markers like HR, thus the hypotheses that
tDCS should ameliorate stress-induced HR increase are preliminary.
Based on previous findings (Gartner et al., 2014; Yuan et al., 2016), we
furthermore expected a decrease of task-based FT activity and an in-
crease of the P200 amplitude in the sham tDCS condition under stress,
with stimulation reducing these alterations alongside improved perfor-
mance. Given the significant roles of task-based parietal alpha and the
P300 ERP component in WM task performance, we anticipated
furthermore that tDCS would increase P300 activity and task-related
alpha ERD in parietal areas.

Results
Behavioral analysis of WM task performance

Accuracy

Participants performed three blocks of the n-back letter task with
different loads (n = 2, 3, and 4) in randomized order. Accuracy was
calculated as the total number of correct responses (hits) made by par-
ticipants for each n-back load. The respective mixed-design ANOVA
revealed a significant main effect of load [F (2, 144) = 360.1, p =
<0.001], with decreased accuracy with increasing load. Accuracy in the
2-back load condition was larger than in the 3-back and 4-back load
condition, and the 3-back load condition resulted in higher accuracy
than the 4-back load (all p < 0.001). A significant main effect of stim-
ulation [F (2, 72) =3.9, p = 0.02] due to differences in task performance
between stimulation conditions was also identified (please refer to
Table 1 for the results of this and the following ANOVAs). The vmPFC
stimulation group outperformed the dIPFC (p = 0.009) and sham (p =
0.048) groups as shown by respective post hoc tests.

Secondary 2-way mixed ANOVAs were conducted for each load
separately. The 2-back and 4-back load ANOVAs revealed no significant
main or interaction effects of emotional condition and stimulation. For
the 3-back load condition, a significant main effect of stimulation [F (2,
72) = 4.6, p = 0.013] and a significant emotional x stimulation condition
interaction [F (2, 72) = 3.85, p = 0.026] emerged. The post-hoc tests
conducted for the 3-back condition revealed a decrease in the number of
hits in the stress condition as compared to the control condition only
during sham stimulation (p = 0.003), whereas no difference was found
in the dIPFC and vmPFC stimulation groups between stress and control
conditions. Post-hoc tests moreover revealed that vmPFC stimulation led
to a larger number of hits as compared to dIPFC stimulation in the
control (p = 0.03) condition, while the number of hits in the vmPFC
group was larger than those in the dIPFC (p = 0.005) and sham groups (p
= 0.002) in the stress condition (see Fig. 1a).
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Table 1

Main and interaction effects of the ANOVAs conducted for behavioral data of the
WM task (accuracy and p-Prime). First, a 3-way mixed ANOVA over all WM
loads, and then secondary ANOVAs for each load were performed. Significant p-
values are marked in bold. d.f. = degrees of freedom, n,2= partial eta squared.

Factors d.f., F P- n§
Error Value value

Accuracy  All Emotional 1,72 1.174 0.282 0.016
loads Condition
Load 2,144  360.1 <0.001 0.833
Stimulation 2,72 3.912 0.024 0.098
Group
Emotional 2144 1.690 .188 0.023
Condition x
Load
Emotional 2,72 0.831 0.440 0.023
condition x
Stimulation
Group
Stimulation 4,144 1.419 0.231 0.038
group x Load
Emotional 4,144 232 0.06 0.061
Condition x
Load x
Stimulation
Group
2- Emotional 1,72 2.432 0.123 0.033
Back Condition
Stimulation 2,72 1.471 0.237 0.039
Group
Emotional 2,72 0.914 0.406 0.025
condition x
Stimulation
Group
3- Emotional 1,72 2.467 0.121 0.033
Back Condition
Stimulation 2,72 4.609 0.013 0.114
Group
Emotional 2,72 3.853 0.026 0.097
condition x
Stimulation
Group
4- Emotional 1,72 0.313 0.578 0.004
Back Condition
Stimulation 2,72 2.037 0.138 0.054
Group
Emotional 2,72 0.275 0.761 0.008
condition x
Stimulation
Group
p-Prime All Emotional 1,72 2.259 0.137 0.03
loads Condition
Load 1.72,
124.2
Stimulation 2,72 3.5 0.035 0.089
Group
Emotional 2,144  0.979 0.378 0.013
Condition x
Load
Emotional 2,72 0.463 0.631 0.013
condition x
Stimulation
Group
Stimulation 3.45, 0.856 0.492 0.023
group x Load 124.2
Emotional 4,144 0.542 0.705 0.015
Condition x
Load x
Stimulation
Group
2- Emotional 1,72 2.307 0.133 0.031
Back Condition
Stimulation 2,72 2.416 0.097 0.063
Group
Emotional 2,72 0.404 0.669 0.011
condition x

338.43 <0.001 0.825
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Table 1 (continued)

Factors d.f., F
Error Value value

Stimulation
Group
3- Emotional 1,72 1.557 0.216 0.021
Back Condition
Stimulation 2,72 4.347 0.017 0.108
Group
Emotional 2,72 0.892 0.414 0.024
condition x
Stimulation
Group
4- Emotional 1,72 0.045 0.833 0.001
Back Condition
Stimulation 2,72 1.091 0.342 0.029
Group
Emotional 2,72 0.217 0.805 0.006
condition x
Stimulation
Group

D-Prime

p-prime as a performance index based on the z-transform of hit rate
and false alarm rate [z(hit rate) — z(false alarm rate)] (Haatveit et al.,
2010) was calculated for each n-back load.

The 3-way mixed ANOVA showed significant main effects of WM
load [F (1.7, 124.2) = 338.4, p < 0.001], and stimulation group [F (2,
72) = 3.5, p = 0.035]. Respective post hoc tests for WM load showed
better scores in the 2-back compared to the 3-back and 4-back, and
better scores in the 3-back compared to the 4-back load (all p < 0.001).
Post-hoc tests conducted for the stimulation group showed stimulation-
dependent differences in the p-prime level. tDCS over the vmPFC
improved performance significantly as compared to stimulation over the
dIPFC (p = 0.013), and trend-wise as compared to sham stimulation (p =
0.061) for both emotional conditions combined.

The secondary ANOVAs conducted for each n-back level separately
revealed selective effects of stimulation and emotional condition on WM
load. For the 2-back and 4-back WM conditions, no significant main or
interaction effects of emotional condition and stimulation were
revealed. For the 3-back task, however a significant main effect of
stimulation emerged [F (2, 72) = 4.34, p = 0.017]. The post hoc tests
revealed that vmPFC stimulation resulted in a larger score than dIPFC (p
= 0.009) and sham (p = 0.017) stimulation for both emotional condi-
tions. No significant main or interaction effect of emotional conditions
was however identified (see Fig. 1b).

Physiological measures of stress

We analyzed cortisol and HR to assess physiological changes due to
stress and the influence of brain stimulation. Please refer to Table 2 for a
complete list of the ANOVA results for all physiological measures. For
the results of an additional cytokine, and heart rate variability (HRV)
data analysis, please refer to the supplementary Table 6 and 7.

HR

In the HR analysis, we saw a significant main effect of time [F (6.2,
465.6) = 33.49, p < 0.001] and a significant interaction of emotional
conditions and stimulation groups [F (2, 74) = 4, p = 0.022]. Respective
post-hoc tests revealed significant HR differences in the sham tDCS
condition between emotional conditions (p = 0.009) where the stress
condition resulted in elevated HR as compared to the control condition,
but no such differences were found for the dIPFC (p = 0.25) and vmPFC
(p = 0.82) stimulation groups (see Fig. 2a.).

Cortisol
The cortisol data revealed significant main effects of emotional
condition [F (1, 72) = 8.06, p = 0.006] and time [F (2, 144) =12.32,p <
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Fig. 1. Behavioral data of WM task performance for accuracy and p-prime are shown. a.) Violin plots for the number of hits (accuracy) for all three n-back blocks are
shown here. The highest possible number of hits in the task was 31. The y-axis shows the hit scores and the x-axis shows different tDCS groups (stimulation con-
ditions) separated by emotional conditions (control, stress) colored violet and blue respectively. The median value is marked by horizontal red lines and quartiles by
black lines for each violin plot. Significant differences are marked by asterisks (*) in black. b.) Violin plots for the p-Prime values for all three n-back blocks are shown

here and plotted as described for accuracy.

Table 2

Main and interaction effects of the ANOVAs conducted for physiological mea-
sures of stress (cortisol and HR). Significant p-values are marked in bold, d.f. =
degrees of freedom, n,2= partial eta squared.

Factors d.f., F P- N2

Error Value value
Cortisol  Emotional Condition 1,72 8.067 0.006 0.101

Time 2144 12.32 <0.001 0.146

Stimulation Group 2,72 0.84 0.435 0.023

Emotional Condition x 1.74, 3.22 0.05 0.043

Time 125.3

Emotional condition x 2,72 2.7 0.07 0.07

Stimulation Group

Stimulation group x Time 4,144 0.649 0.628 0.018

Emotional Condition x 3.48, 1.052 0.378 0.028

Time x Stimulation Group 125.3

HR Emotional Condition 1,74 0.578 0.449 0.008

Time 6.2, 33.48 <0.001 0.314
465.6

Stimulation Group 2,74 459 0.634 0.012

Emotional Condition x 8.12, 1.36 0.207 0.018

Time 600.8

Emotional condition x 2,74 4 0.022 0.098

Stimulation Group

Stimulation group x Time 12.5, 1.021 0.429 0.027
465.6

Emotional Condition x 16.2, 0.5 0.95 0.013

Time x Stimulation Group  600.8

0.001], as well as a significant emotional condition x time interaction [F
(1.74, 125.3) = 3.22, p = 0.05]. As shown by the post hoc tests, in the
stress condition cortisol levels were larger after task performance as
compared to before (p = 0.036) and then decreased after the 40-minute
break as compared to before task performance (p = 0.023). Furthermore,
the interaction between emotional condition and stimulation group
showed a trend-wise effect [F (2, 72) = 2.7, p = 0.07]. Respective post-
hoc tests for all time points (before, after WM task performance, and
after a 40 mins break) combined revealed a cortisol increase in the stress
as compared to the control condition, which was significant in the sham
tDCS condition (p < 0.001). However, real stimulation reduced this
response by diminishing cortisol level increases for both stimulation
groups [dIPFC (p = 0.392); vmPFC (p = 0.603)] in the stress as
compared to the control condition (see Fig. 2b).

EEG results (3-Back)

We analyzed averaged P200 and P300 ERP components, task-based
theta ERS, and task-based alpha ERD values (see Fig. 3, Table 3). We
also performed Montecarlo-based permutation statistics with cluster
correction for task-based theta and alpha activity (please refer to the
supplementary material for the cluster results (Figure S6, Table S10)).
We also analyzed EEG data for other n-back loads but did not observe
any significant changes (see supplementary section 2.6 — section 2.10).

P200 ERP component

We saw a significant interaction effect of emotional condition and
stimulation group [F (2, 72) = 3.42, p = 0.038] for the P200 ERP
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Fig. 2. Physiological alterations induced by stress before, during, and after
combined WM performance and tDCS. a.) Heart rate before, during, and after
task performance. Significant differences of HR between conditions (stress,
control) were observed only in the sham condition, with increased HR in the
stress as compared to the control condition for all time points, as shown by a red
horizontal line marked by an asterisk (*). The y-axis denotes HR changes from
baseline (first time point of the experiment as described in the methods sec-
tion), and the x-axis denotes each minute of the experiment (from the end of the
stress induction procedure) (t1-t23). Resting-state (RS) and n-back task time
frames are highlighted in the background with grey and orange colored wa-
termarks (orange represents the resting state and grey the n-back task). b.)
Cortisol levels before and after task performance are plotted. The y-axis displays
mean cortisol levels (nm/1), and the x-axis shows the time course relative to the
start of the movie clips. Error bars denote + SEM. We found significant dif-
ferences of cortisol concentration between conditions (stress, control) only in
the sham condition for all time points, as shown by a red horizontal line marked
by an asterisk (*).

amplitude, but no significant main effects of the emotional condition
and stimulation. The post-hoc analysis revealed an increased P200
amplitude in the stress condition compared to control for the sham
stimulation group (p = 0.037), and the vimPFC group showed a reduced
P200 amplitude compared to sham for the stress condition (p = 0.013).

P300 ERP component

We did not see significant main or interaction effects of emotional
condition and stimulation group on the P300 ERP component.

Theta ERS

We did not see significant main or interaction effects of emotional
condition and stimulation group on task-based theta ERS activity.

Alpha ERD

We saw a significant main effect of stimulation group [F (2, 72) =
3.14, p = 0.049] on alpha ERD activity, but no significant main effect of
emotional condition or a significant interaction effect. The post-hoc
analysis revealed decreased power (i.e. higher ERD) in the vmPFC
group as compared to the dIPFC group for both control (p = 0.022), and
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stress (p = 0.025) emotional conditions.
Correlations

We performed multiple correlations between EEG and WM perfor-
mance (hits and p-prime) for each stimulation group and emotional
condition separately. Correlations were also compared between stimu-
lation groups using Fischer’s r-to-z transformation. We performed these
correlations for all n-back loads separately; associations of the EEG and
other physiological indices with WM performance (hits and p-prime
scores) are shown with a heat map (see Fig. 4). Please refer to the sup-
plementary material for 2-back (Figure S10) and 4-back (Figure S11)
WM loads.

3-Back: In the 3-Back WM task, we found a significant association
between the P200 amplitude and WM performance in the sham stimu-
lation condition. Here, the P200 correlated negatively with p-prime
under both emotional control and stress conditions. Moreover, theta ERS
and the P300 amplitude were significantly positively correlated with
both hits and p-prime scores in the vmPFC stress condition. Cortisol
levels before and after task performance were positively correlated with
p-prime scores in the sham stress condition, and cortisol levels after task
performance were positively correlated with p-prime scores in the
vmPFC tDCS stress condition.

Fischer’s r-to-z transformation analysis revealed that the positive
correlation between theta ERS and WM performance was significantly
stronger in the vmPFC than in the sham group for both emotional con-
ditions; for hits (control: Z = 2.17, p = 0.03; stress: Z = 2.63, p =
0.0085), as well as for p-prime (control: Z = 2.31, p = 0.021; stress: Z =
2.0455, p = 0.041). For the P200, the negative correlation with WM
performance in the sham stimulation group was significantly stronger
than in the vmPFC stimulation group for hits (stress: Z = 2.45, p = 0.01)
and for p-prime (control: Z = 2.16, p = 0.03; stress: Z = 2.18, p = 0.02).

Side effects and blinding

The results of the Chi-square tests indicated no significant hetero-
geneity of blinding in either the control (y2 (2, N=78) =1.1,p = 0.57),
nor stress condition (y2 (2, N = 78) = 0.85, p = 0.655) with respect to
stimulation condition.

For side effects, we found a significant effect of simulation group [F
(2,75) =4.88,p =0.01] on pain perceived during stimulation. The post-
hoc tests showed that the vimPFC group reported less pain sensations as
compared to the dIPFC (p = 0.037) and sham groups (p = 0.003). We
also found a significant main effect of emotional condition [F (1, 2) =
4.18, p = 0.044] on nervousness, here the stress condition resulted in
increased nervousness as compared to the control condition (p = 0.044)
(see supplementary tables S2 and S3).

Discussion

This study aimed to assess the effects of non-invasive brain stimu-
lation (NIBS) on stress-induced WM deficits, including the assessment of
the suitability and mechanistic role of stimulating different prefrontal
regions in the context of stress. We used aversive video clips to induce
stress as described in a previous study (Roy et al., 2024). In both, stress
and an emotionally neutral control condition, participants had to
perform an n-back task with different loads (2, 3, and 4 back) while
receiving active or sham anodal tDCS over the vmPFC or dIPFC ac-
cording to the respective intervention groups.

For the behavioral task analysis, we found a robust effect of stress on
performance. Performance accuracy was reduced in the 3-back load
condition in the sham tDCS condition, while no such effects were found
for other WM loads. Interestingly, no significant effects of stress on p-
prime levels in the sham tDCS condition were identified. Moreover, tDCS
modulated WM performance, with stimulation over the vmPFC showing
the largest effects. Stimulating over the vmPFC led to larger performance



S. Roy et al.

International Journal of Clinical and Health Psychology 25 (2025) 100569

a. b.
B ) Cz ERP 3-Back ) Pz ERP 3-Back
|——Sham Control P2 ERP |——Sham Control P3 ERP
Sham Stress 25 Sham Stress
" [—dIPFC Control * [—dIPFC Control
dIPFC St dIPFC Stress
—wmpFC Contel 2.0 T * ok ol 2.0 - Control
n [—vmPFC Stress — |—vmPFC Stress ontro
2 I = Stress
5 s 1.5 T s s 1.5+ '|' T
3 = T E 2T i
£ Eaodr | : E 10 I T
k3 N = 1.V ° € 1.V
: / 12T g | : £
; g g
o o
Q. 0.5+ o 0.5+
Bl
0.0- 0.0-
2 dIPFC  vmPFC Sham dIPFC  vmPFC Sham
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ms) Time (ms)
c d.
5 ) Task based alpha activity 2 Task based theta activity
Alpha ERD Theta ERS
25 [——Sham Control
1 0 / Sham Stress
2 / [—dIPFC Control 2.5
dIPFC Stress == Control
14 [—vmPFC Control| T T
=, i =15 |—vmPFc Stress 2.0 = Stress
3 o0 n 2 — T
° T 1 = ) TT1 T
G- = § 1 T1.59
H @ 27 1 1 5 s
o [—Sham Control 3 1 205 g
= Sham Stress g * o 1.0
— dIPFC Control 34 — 0 o
dIPFC Stress * 0.5+
[—vmPFC Control|
[—VvmPFC Stress 0.5
-4 T T T 0.0-
4 dIPFC vmPFC Sham A dIPFC  vmPFC Sham
0 500 1000 500 1000
Time (ms) Time (ms)

Fig. 3. EEG results for the 3-Back load condition. a.) averaged ERP for all groups and conditions for EEG channel Cz. The x-axis represents time (in ms), and the y-
axis shows the amplitude (uV). The time range of interest of the P200 (120-200 ms) component is highlighted by a grey box. Respective averaged amplitude values
were used for the statistical analysis and shown as a bar plot next to it. The bar plot shows the averaged P200 component values for all groups and conditions, with
the x-axis indicating the groups and the y-axis the potential amplitude (uV). Significant differences are marked by an asterisk (*) in black color. b.) averaged ERP for
all groups and conditions for the EEG channel Pz and the P300 (200-400 ms) component amplitude, depicted as in a.). c.) averaged task-based alpha activity from
parietal channels (Pz, P1, and P2) for all groups and conditions, the x-axis indicates time (ms), and the y-axis power (in dB). The time range of interest for ERD
(200-600 ms) is marked by a grey box, and the mean power value within this time frame is plotted in a bar graph with the x-axis indicating groups, and y-axis power
(dB). Significant differences are marked by an asterisk (*) in black color. d.) averaged task-based theta activity derived from frontal channels (Fz, F1, and F2) for ERS

(80-300 ms) plotted as for alpha ERD. Error bars denote + SEM.

Table 3

Main and interaction effects of the ANOVAs conducted for EEG indices of the 3-
Back load condition (P200 component, P300 component, theta ERS, and alpha
ERD values). Significant p-values are marked in bold, d.f. = degrees of freedom,
np2= partial eta squared.

Factors df, F P- 3
Error Value value
P200 Emotional Condition 1,72 .95 .33 .013
ERP Stimulation Group 2,72 1.66 2 .044
Emotional Condition x 2,72 3.421 .038 .087
Stimulation Group
P300 Emotional Condition 1,72 1.32 .25 .018
ERP Stimulation Group 2,72 495 .61 .014
Emotional Condition x 2,72 1.41 .25 .038
Stimulation Group
Theta Emotional Condition 1,72 .57 .453 .008
ERS Stimulation Group 2,72 1.6 2 .044
Emotional Condition x 2,72 .202 .818 .006
Stimulation Group
Alpha Emotional Condition 1,72 .99 .323 .014
ERD Stimulation Group 2,72 3.14 .049 .08
Emotional Condition x 2,72 .202 .818 .006

Stimulation Group

accuracy in the stress condition compared to sham and dIPFC stimula-
tion, and also in the control condition, as compared to dIPFC stimulation
for the 3-back load. A similar effect of stimulation was also seen for p-
prime performance, where the vmPFC tDCS group showed better per-
formance in the stress condition compared to the sham and dIPFC
stimulation groups in the 3-back WM task, and also in the control con-
dition, as compared to dIPFC stimulation for the 3-back load.

These effects were only observed in the 3-back load condition, which
corresponds to previous studies showing that stress impairs WM per-
formance at high but not low WM loads (Oei et al., 2006). Given that a
2-back load is relatively easy for young adults (Bopp & Verhaeghen,
2020), we observed a potential ceiling effect in performance, whereas
the 4-back load, being highly challenging, likely resulted in a floor ef-
fect. These findings suggest that these two load levels may not be sen-
sitive enough for investigating the interaction between stress and
stimulation. tDCS however rescued performance in the 3-back load
condition. Since stress leads to downregulation of prefrontal activity
(Gartner et al., 2014; Qin et al., 2009), most likely this effect can be
mechanistically explained by a counteracting excitability-enhancing
effect of tDCS. tDCS thus exerted promising effects on stress-related
WM decline and might be a valuable tool to achieve such effects.
However, tasks that are too easy may not strain prefrontal processes to a
sufficient level to be affected by tDCS, while tasks that are too difficult
might not profit from tDCS due to floor effects.

A previous study reported that anodal tDCS over the right dIPFC at 1
mA improved stress-induced WM deficits (Bogdanov & Schwabe, 2016).
However, another study found no significant effects of anodal tDCS over
the right dIPFC on n-back task performance under stress but reported
improved performance in non-stress conditions with 2 mA tDCS (Ankri
et al., 2020). Bi-frontal tDCS with the anode over the left dIPFC at 2 mA
improved performance on an emotional n-back task but not on a
non-emotional n-back task (De Smet et al., 2024). The key methodo-
logical difference between the present and the previous studies is the use
of a focal stimulation approach to discern the effects of individual areas
in alleviating stress-induced WM deficits. Thus, heterogeneous findings
may arise from differences of stimulation focality, as prefrontal regions
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Fig. 4. Heat map for Pearson’s correlation values in the 3-back load WM task for the EEG (alpha ERD, theta ERS, P200 amplitude, P300 amplitude) and other
physiological indexes (cortisol levels before and after task performance, HR, and HRV during task performance) with the performance parameters Hits and p-prime
for all stimulation and emotional conditions. The colors in the plot are showing r values with the color bar ranging from 0.5 to —0.5, red showing positive and blue
showing negative correlations. For significant correlations, r-values, and p-values of the associations are shown.

have distinct roles in emotions and WM performance. Non-focal stimu-
lation induces an electric field (EF) in multiple brain areas, affecting WM
and stress-related emotional processing. In contrast, focal stimulation
targets a specific region more precisely (Datta et al., 2009; Mikkonen
et al., 2020). For instance, the vmPFC and orbitofrontal cortex (OFC) are
primarily involved in emotion regulation and mediating amygdala
processing (Dixon et al., 2017; Etkin et al., 2011), whereas the dIPFC
plays a key role in WM (Barbey et al., 2013; Friedman & Robbins, 2021).
This regional specificity can be effectively explored using a focal stim-
ulation approach.

However, in our study, focal left dIPFC stimulation did not improve
WM performance. While focal stimulation increases EF precision, it does
so at the cost of larger variability because of interindividual differences
in cortical subregions representing specific functions (Mikkonen et al.,
2020). Since WM is maintained by a broad prefrontal network (Lara &
Wallis, 2015), stimulating only a subregion of the left dIPFC based on a
10-20 EEG system with relatively focal stimulation may have intro-
duced additional variability because tDCS might meet the area critical
for WM performance in some participants but not in others sufficiently.
In contrast, diffuse stimulation with larger electrodes would engage a
wider WM-related network with a higher chance of affecting critical
regions in more participants, even if the electrode position is less exact.
Previous meta-analyses have also highlighted the heterogeneity of
stimulation effects to increase WM performance, especially with
single-session focal left dIPFC stimulation procedures (Brunoni & Van-
derhasselt, 2014; Miiller et al., 2022). Since acute stress likewise is
associated with region-specific activation, the same principle of focal
stimulation would play a role there, explaining result differences be-
tween the present and previous studies reporting positive WM effects
with dIPFC stimulation after stress induction (Bogdanov & Schwabe,
2016; De Smet et al., 2024).

Furthermore, the studies above used the Trier social stressor task
(TSST) to induce stress. This induction paradigm might be problematic
because of the arithmetic component of this stressor, which could affect
a subsequent memory task by depleting cognitive resources via the
deleterious effects of a prior task failure on performance in subsequent
tasks (Lemaire, 2021). One study, moreover, showed improved perfor-
mance only in the non-stress condition with dIPFC stimulation and

utilized the arithmetic component of the TSST as a working memory
assessment to examine the performance-improving role of tDCS. How-
ever, this task was performed shortly after stress induction (Ankri et al.,
2020), while stress affects prefrontal functions by HPA, and SNS activity
peaks around 20 mins after stress induction (Gagnon & Wagner, 2016).
In our paradigm, we thus avoided introducing an arithmetic challenge
before working memory task performance. We assessed performance
with a task not associated with that cognitive stressor and ~20 min after
the start of the stressor.

The physiological findings support an impact of the stimulation on
respective parameters. Cortisol and HR have been shown to be increased
by stress (Qin et al., 2009). In our study, for cortisol levels, significant
differences were revealed between stress and control conditions in the
sham tDCS group showing stress-induced cortisol enhancement. This
effect was however not observed in the active stimulation groups,
indicating that stimulation controlled the release of cortisol and blunted
this physiological stress response. Additionally, the sham group showed
an increased HR in the stress compared to the control condition, a dif-
ference not seen in the stimulation groups. These results are in accor-
dance with previous studies, which showed that prefrontal anodal
stimulation blunted the release of cortisol after acute stress (Antal et al.,
2014) and also reduced HR, however in a study not including acute
stress induction (Gu et al., 2022). Prefrontal stimulation thus reduced
stress-related upregulation of these physiological parameters. For
stress-associated alterations of the cytokine profile, no substantial effect
of stimulation or stress induction on cytokine levels was observed. In the
present paradigm, only Interleukin-1 showed increased levels in control
as compared to the stress condition (see supplementary table S6).

We also collected online task-related EEG to shed light on the po-
tential mechanisms underlying the observed improvements in WM
performance during stimulation. Stimulating the vimPFC led to higher
alpha ERD during task performance as compared to the dIPFC group for
both emotional conditions and led to a decreased P200 amplitude during
task performance in the stress condition as compared to sham stimula-
tion for the 3-back load. In the sham condition, we observed increased
P200 amplitudes and decreased FT activity in the stress condition from
910 ms to 1366 ms from stimulus onset (see supplementary figure S6)
during 3-back WM task performance, aligned with previous findings that
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stress affects the early processing of stimuli impairing attention (Lin,
Leung, et al., 2020; Yuan et al., 2016) and FT activity affecting the early
stages of WM updating (Gartner et al., 2014). Behaviorally, this could
have led to reduced accuracy (hit rate), while p-prime, which accounts
for both hits and false alarms, remained unaffected. This suggests that
reduced attention under stress not only lowered hits but also decreased
false alarms, balancing p-prime despite the decline in accuracy. How-
ever, no such differences between stress and control conditions were
seen in the real stimulation groups, indicating that stimulation mitigated
these stress-related effects.

Previous studies have also identified the roles of the P200 component
and alpha ERD in cognitive processing under stress (Marshall et al.,
2015; Yuan et al., 2016). Previous studies have highlighted that the
P200 component, originating from frontal areas, is involved in early
attention allocation and context updating during WM task performance
(Lin, et al., 2020; Yuan et al., 2016). The P200 amplitude in frontal areas
decreases with training in WM task performance, reflecting reduced
attentional demands with increased performance routine (Zhao et al.,
2013), whereas the P200 amplitude increases with higher age, indi-
cating enhanced attentional demands in this condition (McEvoy et al.,
2001). The P200 amplitude has also been shown to increase with stress
and correlates with higher cortisol levels in males, making it an efficient
predictor of the HPA response and suggesting that stress imposes greater
attentional demands for efficient WM performance (Lin, et al., 2020,
2020).

Based on these convergent findings, the increased P200 amplitude
observed under stress in our study indicates enhanced attentional de-
mands required for appropriate WM performance due to stress-induced
distractors. The P200 enhancement suggests an attempt to compensate
for stress-related attentional challenges. However, this compensatory
mechanism appears insufficient since WM performance is still impaired.
The reduction of the P200 amplitude under real stimulation may suggest
decreased stress-related distractions, allowing for more efficient cogni-
tive processing and improved WM performance. In our study, we also
found that higher P200 amplitudes were negatively related to p-prime
scores in both sham control and stress conditions for the 3-back task,
linking higher P200 amplitudes to poorer performance in the sham
group. Parietal alpha ERD suppresses irrelevant information and reduces
distractions (Justin Riddle, 2020; Klimesch et al., 2007) possibly caused
by the aversive stressor in our study. vmPFC stimulation however led to
higher alpha ERD. Our data suggest therefore that the lower P200
amplitude and larger alpha ERD most prominently observed for the
vmPFC stimulation improved WM performance by reducing arousal and
distractions, thus enhancing cognitive control and focus on the task.

While vmPFC stimulation led to changes in EEG and physiological
markers including alpha ERD, P200, and cortisol levels, as shown by
respective ANOVA and post hoc test results, which align with the pat-
terns of respective WM performance differences in the 3-back task, these
changes did not significantly correlate with WM task performance.
However, we observed a significant positive correlation between theta
ERS and performance for vmPFC stimulation in the 3-back load under
stress and control conditions, and for the P300 with WM performance in
the stress condition. The correlation of theta ERS with WM performance
in the vmPFC group was significantly larger than those obtained for
sham stimulation. These findings suggest that the effects of vmPFC
stimulation on WM performance were more directly mediated by theta
ERS and P300, markers closely associated with cognitive processes un-
derlying working memory (Dong et al., 2015).

These findings suggest moreover that vmPFC stimulation led to
group-level changes in physiological markers not directly linked to task
performance but might be rather associated with reduction of the
physiological and attentional impact of stress. The lack of group-level
differences in the ANOVA results for theta ERS and P300 might be
caused by result heterogeneity due to individual differences in stimu-
lation effects (Mikkonen et al., 2020). This interpretation is also
consistent with the broader role of the vmPFC, which is not only
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involved in WM processes but also influences WM performance indi-
rectly by reducing the physiological and attentional impact of the
above-mentioned stimuli (Barbey et al., 2013; Hansel & von Kanel,
2008). In line with this, the stimulation effects on alpha ERD, P200, and
cortisol may reflect reduced stress reactivity, facilitating more efficient
engagement of WM-relevant processes like theta ERS and P300. The
foundation for this might be that the dIPFC is only indirectly connected
with the amygdala, while the vmPFC has rather direct connections with
this area, and acts as a mediator between the amygdala and the
task-relevant dIPFC (Ghashghaei & Barbas, 2002). The amygdala is
known to influence emotional responses, and increased activation has
been associated with decreased cognitive performance (Dolcos &
McCarthy, 2006; LeDoux, 2003). Specifically, the vmPFC diminishes
emotional responses elicited by the amygdala (Hansel & von Kanel,
2008) and loss of vimPFC activity leads to increased activation of the
amygdala as response to an aversive stimuli (Motzkin et al., 2015) .

Our results revealed a positive correlation between WM task per-
formance, and cortisol levels after WM task performance in the vmPFC
stress condition across all N-back loads (see Fig. 4, S10, S11). Moreover,
in the Sham stress condition, cortisol levels before and after the WM task
performance correlated with each other in the 3-back load condition.
This is consistent with previous research showing that increased cortisol
responses to acute stressors can enhance WM performance in men (Lin,
Leung, et al., 2020). Interestingly, in our study, vmPFC stimulation led
to a decrease in cortisol levels but still cortisol level correlated positively
with performance. This suggests that vmPFC stimulation may have a
dual effect: enhancing performance by strengthening WM-related net-
works while simultaneously reducing cortisol levels through better
stressor recovery and control (Hansel & von Kanel, 2008; Yang et al.,
2018).

Some limitations of this study should be taken into consideration.
The sample population includes only males to control for effects of the
hormonal cycle on stress induction, thus limiting extrapolation of the
results to other sexes. The stress induction paradigm was effective in
eliciting stress, but might also include factors beyond pure stress, such as
disgust, anger, and fear due to the aversive content of the clips, as shown
by the valence-arousal ratings of the clip (see supplementary figure S12)
where the stress clips ratings ranged in emotions of high arousal and
negative valence which are typical for, but not selective to acute stress.
While the n-back task is a well-introduced WM task, other WM tasks
should also be explored to improve generalization of the findings. Future
studies could also explore the impact of stress, including its modification
by stimulation, on other cognitive processes like attention or decision-
making. Future studies using whole brain fMRI to identify the influ-
ence of stress on activation and connectivity of different cortical and
sub-cortical areas as well as the impact of stimulation over prefrontal
areas on respective fMRI parameters would be valuable to further clarify
mechanisms. Specifically, fMRI could provide information about the
activation of medial brain areas like the amygdala and substantiate the
influence of vmPFC stimulation on amygdala activity in the context of
acute stress.

In conclusion, this study suggests a potential of NIBS for mitigating
stress-induced WM performance deficits. We show that stimulation over
the vmPFC led to better performance in a verbal n-back task as
compared to sham and left dIPFC stimulation. Prefrontal stimulation
also led to a blunted stress-related cortisol response suggesting physio-
logical changes induced by stimulation. EEG analyses showed a reduced
P200 amplitude and increased alpha ERD during task performance for
the vmPFC stimulation condition, suggesting downregulation of the
emotional response to the stressor as a probable cause for the impact of
stimulation on performance.
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Methods
Participants

Seventy-eight, healthy, right-handed male non-smokers, with hand-
edness assessed by the Edinburgh handedness inventory (Oldfield,
1971), aged between 18-40 years (M = 25, SD = +4.16) were included
in the study. A medical check before the experiment was done to exclude
participants with any chronic disease, psychiatric or neurological dis-
orders, intake of any central nervous system (CNS)-acting medication or
steroids, presence of any implants or devices in the body, oral inflam-
mation, history of epilepsy, traumatic brain injury, and night shift
working. A pre-experimental phone interview was done to make sure
that the participants did not have any major emotional or physical
trauma and no habit of watching extremely violent videos. Participants
were divided randomly into three groups based on a generated random
order (https://damienmasson.com/tools/latin_square/) when they
arrived — anodal tDCS over the dIPFC, vimPFC, or sham stimulation.
Participants were informed about their right to withdraw from the
experiment at any time, and informed consent was taken before the start
of the experiment. Participants were identical to a previously published
study dedicated to the efficacy of the applied aversive stress induction
protocol (Roy et al., 2024). The present study involves the WM part of
that project. No group differences based on age, chronotype, or trait
anxiety were found (see supplementary table S1).
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Stress induction procedure

Stress was induced using aversive video clips from the movie "Irre-
versible" by Gaspar Noe, while clips in the control condition were
extracted from the movie "Comment j’ai tué mon pére" by A. Fontaine.
For a more detailed description of the stress induction methodology
please refer to our previous study, which explored the effectiveness of
stress induction via this protocol (Roy et al., 2024).

Working memory task

We used three levels of the n-back letter task (n = 2, 3, and 4) in
randomized order. Participants were seated in front of a computer
monitor with a 50 cm eye distance. A pseudo-random set of 10 letters
from (A-J) was presented. Each letter was displayed for 300 ms with a
1.7-second interval (blank screen). A different letter was displayed every
2 s. Letters were presented in black on a white background. Participants
were required to respond with a keypress if the presented letter was the
same as the letter presented 2, 3, or 4 (depending on the subtype of the
task) stimuli previously. For each n-back level, 143 letters were pre-
sented, and a maximum of 31 correct responses (hits) could be achieved.
The duration of a block was 5 min. The total duration of the task was
approximately 16 min with 30 s rest between blocks. Participants were
allowed to practice a short version of the task (with 46 letters) 3 times
during the introductory session to reduce task learning effects and task-

Fig. 5. Simulated distribution of the electric field in the brain based on computational modeling for the selected electrode montage to target the (a) vmPFC with the
electrodes over Nz (Nasion), F7, F8, Ex19, and Ex20, and (b) left DLPFC, with the electrodes over F3, Fpl, Fz, C3, and F7. The current amplitude was set to 2 mA, and

all electrodes were discs with a 1 cm radius.
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related stress. For behavioural outcomes from the task, we analyzed p-
prime, accuracy, and reaction time (RT) for correct responses (for RT
data, see supplementary table S8 and figure S3).

Stimulation parameters

We employed computational modeling to determine the electrode
montages for targeting the left dIPFC and vmPFC. A search space
including all possible combinations of two square (5 x 5 cm) electrodes
at 10-20 EEG positions and various 4 x 1 electrode montages were
explored via ROAST (https://www.parralab.org/roast/) (Huang et al.,
2019). For each montage, the average electric field (EF) over the left
dIPFC, right dIPFC, vmPFC, anterior cingulate cortex (ACC), and cere-
bellum was computed. The final montages for each of the two targets
were selected by comparing the induced EF values achieved with
different electrode configurations, to identify the electrode montages
with the maximum average EF value in the target region, and minimum
values in the other regions. This ended up in a montage with five round
electrodes with a 1 cm radius for each of the target areas, as shown in
Fig. 5. For vimPFC stimulation, the center electrode was positioned over
the nasion, and four return electrodes were placed over F7, F8, Ex19,
and Ex20. For targeting the left dIPFC, the center electrode was posi-
tioned over F3 and the four return ones were placed over Fpl, Fz, C3,
and F7. Participants received stimulation during task performance
(online) for approximately 17 min with 30 s of ramp-up and down.
Stimulation was applied with carbon rubber electrodes attached to the
skull via Ten20 paste (Weaver and Co., USA). We applied Emla cream
(AstraZeneca, UK) before stimulation at the electrode sites to reduce
skin perceptions of stimulation. For sham stimulation, we applied a
30-second ramp-up, 30 s of stimulation, and 30 s ramp-down of stimu-
lation intensity at the start and at the end to blind participants; no
current was given during actual task performance. For all stimulation
groups, the current intensity was 2 mA.

EEG data acquisition and processing

EEG was recorded during resting states (RS) and task performance
against a reference electrode placed over the left mastoid, using sintered
Ag-AgCl electrodes at 64 standard positions of the International on
10-20 EEG System (NeurOne, Finland). Electrode impedance was
monitored and kept below 10 kOhm throughout the experiment. The
sampling rate was 2000 Hz at an analog-to-digital precision of 24 bits.
Offline EEG analysis was done using EEGLAB (v2022.1) (Delorme &
Makeig, 2004), Brain Vision Analyzer (Version 2.2.0, Brain Products
GmbH, Gilching, Germany), Fieldtrip (Oostenveld et al., 2011), and
custom MATLAB commands. Please refer to the supplementary material
(section 1.4) for the offline EEG data processing pipeline.

ERP analysis

ERP analysis was performed via the EEGLAB study function and
custom MATLAB scripts. For ERP Data analysis, based on previous works
on n-back task performance and stress, we analyzed the P200 ERP
component (120-200 ms from stimulus onset) from the Cz channel (Lin,
Leung, et al., 2020; Yuan et al., 2016) and the P300 ERP component
(200-400 ms from stimulus onset) from the Pz channel (Dong et al.,
2015) for each task epoch which was then averaged over the epochs for
each subject.

Time frequency (TF) analysis

TF analysis was performed using the Morlet wave decomposition
method implemented in EEGLAB STUDY using the newtimef function.
200 log-spaced frequencies in the range from 3 to 80 Hz, and 200 lin-
early spaced time bins for each task epoch were used for power calcu-
lation. Wavelet decomposition was done by using the parameters [3

10
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0.8], where 3 cycles were used for the lowest frequency (3 Hz) and 16
cycles were used for the highest frequency (80 Hz). Power was
normalized using decibel (dB) transform - (dB power = 10*logl0
[power/baseline]). Based on previous works on WM performance and
stress we analyzed theta (4-8 Hz) ERS during the task from frontal
electrodes (Fz, F1, and F2) for the time range 80 to 300 ms relative to
stimulus onset (Gartner et al., 2014), and alpha (8-13 Hz) ERD activity
during the task from parietal electrodes (Pz, P1, and P2) for time range
200 to 600 ms relative to stimulus onset (Marshall et al., 2015). ERD and
ERS of all epochs were then averaged over channels and epochs for each
subject.

Subjective data

Two subjective self-report questionnaires were administered at
various intervals during the experiment to obtain information about the
subjective affective state of the participants: the positive and negative
affect schedule (PANAS) (Krohne et al., 1996; Watson et al., 1988) and
the State-Trait anxiety inventory-State (STAI-S). The PANAS obtains
information about positive and negative emotions by 20 items, each
rated on a 5-point scale from 1 (not at all) to 5 (very much). The STAI-S
assessed state anxiety levels with 20 questions, rated on a scale from 1
(not at all) to 4 (very much). To assess the trait anxiety of the partici-
pants, we administered the State-Trait anxiety inventory-Trait (STAI-T)
in the introductory session (see Experimental Procedure), which mea-
sures trait anxiety via 20 questions, rated on a scale from 1 (not at all) to
4 (very much) (Laux et al., 1981; Spielberger et al., 1970). The
morningness-eveningness questionnaire (MEQ) was also applied in the
introductory session (Griefahn et al., 2001; Horne & Ostberg, 1976).
Participants were allowed to complete the questionnaires in either
German or English, based on their preference. Data were collected via
the online Sosci survey platform (Leiner, 2022) and analyzed using
custom MATLAB scripts.

Side effect and blinding questionnaire

After finishing each session, participants were asked to guess the
stimulation condition (real/sham) and to rate side effects during (itch-
ing, tingling, burning, and pain) and after stimulation (skin redness,
headache, fatigue, concentration difficulties, and nervousness) on a
scale of 0 to 5, where O represents no and 5 represents extreme
sensations.

Experimental procedure

Participants underwent a three-session experimental protocol,
including a practice session (first session) aimed at reducing unspecific
experiment- and context-related stress, conduction of a medical check,
and training of the participants in WM task performance. Subsequently,
the next two experimental sessions—control and stress—were admin-
istered, with session order randomized and counterbalanced according
to a generated random order (https://damienmasson.com/tools/latin_s
quare/). All experiments were conducted between 12 am and 6 pm to
control for endogenous cortisol activity, with a 7-day washout period
between control and stress sessions to control for tDCS after-effects.

For the experimental sessions, participants arrived one hour before
the core procedures of the sessions for EEG cap preparation, and tDCS
and ECG electrode placement. The experiment began with the emotional
intervention part described in a previous paper (Roy et al., 2024). After
the emotional intervention, participants performed the n-back WM task
for around 16 mins (3 blocks). During task performance, tDCS was
applied. After task performance, salivary samples were taken, and
PANAS and STAI were administered (see supplementary table S4), fol-
lowed by an EEG RS recording (2 min with eyes open and 2 min with
eyes closed). The experiment ended with a last saliva sample collection
after 40 min and side effects and blinding questionnaire. This
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experiment comprised two parts: the first part, involving stress induc-
tion via movie clip presentation and assessment of the efficacy of stress
induction, has been described in detail in a previous study of our group
(Roy et al., 2024). The second part, which is described here, assessed
WM performance with an n-back task during tDCS after movie clip
presentation. Only the second part is presented here. Please refer to
Fig. 6 for a detailed overview of the procedure. Please refer to supple-
mentary methods for HR, cortisol, and cytokine data acquisition and
processing.

Statistics

For data analysis, SPSS version 29.0.0 (IBM Corp., Armonk, New
York, USA) was used, and data were plotted with GraphPad Prism 10.
Mixed-design ANOVAs for cortisol were performed with emotional
condition (control, stress) and time (before, immediately after task
performance, and after a 40 min break) as within-subject factors, and
stimulation group as between-subject factor. Similar mixed-design
ANOVAs were also conducted for HR with emotional condition and
time-bins of 1-minute during the whole task (t1-t23) as within-subject,
and stimulation group as between-subject factors. The first time point

Practice session (first session)

International Journal of Clinical and Health Psychology 25 (2025) 100569

of the experiment before stress induction, as described in previous work
(Roy et al., 2024), was taken as baseline, and then the change from
baseline after emotional/control clip presentation to the end of the
experiment was analyzed for HR data. For WM performance, based on
outlier analyses, the WM data of three participants, for which individual
means differed more than 2 standard deviations from the group mean
were excluded from the analysis (one participant from the dIPFC, and
two from the vmPFC group). mixed-design ANOVAs were conducted for
accuracy (number of hits), p-prime score, and RT with n-back load (2, 3,
4-back), emotional condition (control, stress) as within-subject, and
stimulation groups as between-subject factors. Secondary mixed-design
ANOVAs were conducted for each WM load condition with emotional
condition as within-subject and stimulation group as between-subject
factors. For EEG analyses, time-averaged P200 and P300 amplitudes,
and time- and frequency-averaged theta ERS and alpha ERD activity
were analyzed using mixed-design ANOVAs with emotional condition as
within-subject, and stimulation group as between-subject factor for each
WM load (2, 3, 4-Back). For side-effects during and after stimulation,
mixed-design ANOVAs were conducted with emotional condition as
within-subject, and stimulation group as between-subject factor. For
assessing proper blinding, chi-square tests were conducted. A one-way

Questionnaires

Arrival Medical Check
and forms

N-back Practice

Experimental sessions (second and third session)

HR and EEG acquisition time

Arrival

4 mins 1Smins | 4mins,
T 1 1 1
RS. Working RS. 40 min
2 | memory task | 3 break

Sampling time in mins

Saliva Samples

Questionnaire

Response
(Key Press)

Fig. 6. Experimental procedures: The participants attended three one-day experimental sessions where the first session included completing questionnaires, un-
dergoing a medical check, and practicing the WM task. The next two sessions included the main experimental part — involving the control and stress-inducing video
clips - which were administered with a washout period of 7 days. For the experimental days (sessions 2 and 3), after the arrival of the participants, an EEG cap was
prepared, and the stress induction part was done as described in detail in previous work (Roy et al., 2024) with randomized session order (control and stress
condition). After resting state EEG (RS1), the movie clip presentation and another resting state EEG (RS2), participants performed the n-back task with three blocks
(2, 3, and 4 back) in randomized order. The 3-back task is shown as an example, where the correct response (hit) is highlighted by a respective arrow. tDCS using
small electrodes with a 1 cm radius was given in accordance with the stimulation group (sham, anodal dIPFC, and anodal vmPFC tDCS). After task performance,
another RS EEG with 2 min Eyes Open (EO) and 2 min Eyes Closed (EC) conditions was performed (RS3). Blue bars show the time points of saliva (cortisol) sampling,
and red bars show time points STAI and PANAS were administered. The time points for saliva sampling and questionnaire conduction in relation to the start of the
intervention (clip presentation) are shown below the respective bars in minutes. HR (using bipolar electrodes positioned over the chest) and EEG were recorded
during the whole experiment. The total duration of these recordings, excluding breaks for saliva and questionnaire sampling, was 23 min (4 + 15+4 min). This
duration, spanning from t1 to t23, is highlighted by a red line in the figure. Additionally, EEG and HR acquisition were conducted from RS2 to RS3, which is indicated
by a black line, with the duration of each segment marked in minutes. The total duration of all combined segments corresponds directly to the red line in the figure.
The procedure was identical for control and stress sessions except for the kind of movie clips shown. The former part of the experiment, including the stress induction
part, is shown in opaque color and was reported in detail elsewhere as it is beyond the scope of this article (Roy et al., 2024).
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ANOVA for age, chronotype (MEQ scores), and state anxiety (STAI-S)
were performed with stimulation group as a between-subject factor.

Sphericity of the data was tested for all ANOVAs with the Mauchly
test, and Greenhouse-Geisser corrections were applied when appro-
priate. For post-hoc tests, which were conducted in case of significant
ANOVA results, Fisher’s Least Significant Difference (LSD) test was used.
The critical alpha level was set at 0.05 for all tests. Correlations were
performed using Pearson’s correlation for WM performance (Hits and p-
prime) with EEG (alpha ERD, theta ERS, the P200 amplitude, and the
P300 amplitude) and physiological markers (cortisol levels before and
after task performance, HR, and HRV during the task). Fischer’s r to z
transformation was used to compare the correlations between the
stimulation groups. EEG data were plotted using MATLAB (R2020b) and
the open-source EEG data analysis software EEGLAB (Delorme &
Makeig, 2004).
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