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Biology of Sex Differences

Sex matters for the enhancement 
of cognitive training with transcranial direct 
current stimulation (tDCS)
Simone Weller1,2  , Birgit Derntl2,3   and Christian Plewnia1,2*   

Abstract 

Background Transcranial direct current stimulation (tDCS) can influence brain network activity and associated cogni-
tive and behavioural functions. In addition to the extensive variety in stimulation parameters, numerous biological 
factors drive these effects, however these are yet poorly understood. Here, we investigate one of the major biological 
factors by focusing on sex-dependent effects of tDCS on a challenging cognitive control task (adaptive paced auditory 
serial addition task [PASAT]) in healthy humans.

Methods This sex-specific re-analysis was performed on data of 163 subjects who underwent a 2-week cognitive 
control training (6 sessions in total). Subjects received either verum (anodal/cathodal) or sham tDCS. Electrodes were 
placed over the left or right dorsolateral prefrontal cortex and the respective contralateral deltoid muscle. Cognitive 
control was measured as performance in the PASAT and was analysed in respect to stimulation conditions (sham, 
anodal, cathodal) and sex.

Results Regardless of stimulation condition, performance gains between the sexes were higher in females compared 
to males (p = 0.0038). Female’s performance during anodal tDCS exceeded male’s (p = 0.0070), yet no effects were 
found for cathodal or sham tDCS. Moreover, in females we found a superior effect for anodal tDCS over sham stimula-
tion  (fanodal: p = 0.0354;  fcathodal: p = 0.6181), but no such effect in males  (manodal: p = 0.6882;  mcathodal: p = 0.4822).

Conclusions This study highlights the relevance of biological sex for the effects of tDCS on cognitive training. Thus, 
an increased attention to biological sex is advisable in future brain stimulation research to highlight and in conse-
quence better understand potentially underlying sex-specific mechanisms. Considering biological sex will further 
advance customisation and individualisation of tDCS interventions.

Trial registration ClinicalTrials.gov, NCT04108663.

Highlights 

• This study provides evidence that tDCS affects females and males differently: females, compared to males, show 
higher performance gains in a demanding cognitive control task when tDCS is applied concurrently to the task.
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• The performance altering effects of tDCS in females were observable for anodal, yet not cathodal stimulation. In 
males, we did not detect any differences in performance, suggesting that tDCS affects females and males differ-
ently and that sex-specific customisation can prove to enhance stimulation efficacy even further.

• Our study highlights that biological sex needs to be taken into account in order to further personalise and opti-
mise the application of tDCS in humans.

Keywords Brain stimulation, Cognitive control, Cognitive enhancement, Sex differences, Biological sex, Prefrontal 
cortex, Transcranial direct current stimulation, Neuropsychiatry

Plain language summary 

In previous studies, brain stimulation techniques like transcranial direct current stimulation (tDCS) have been 
shown to support cognitive trainings. However, these effects are rather small and vary between people. A key fac-
tor of variability is the biological sex. Hence, in this study we were interested in whether the effects of tDCS differ 
between females and males. To answer this research question, we analysed the data of 163 human subjects who 
underwent a 2-week cognitive control training program, which incorporates a challenging cognitive task (the 
adaptive paced auditory serial addition task [PASAT]). During the PASAT, subjects have to solve a stressful calculation 
exercise. Concurrently to solving this task, the subjects received either real (further divided into anodal [= enhanc-
ing] and cathodal [= inhibiting]) or placebo tDCS. We found that females had greater performance gains in the task 
than males, regardless of the type of tDCS they received. Furthermore, females performed particularly well when they 
received anodal tDCS, but there were no significant effects for cathodal or placebo tDCS. For males, we did not find 
any significant benefits of tDCS. These findings highlight the importance of considering biological sex in future 
brain stimulation research and suggest that biological sex is an important component to consider when study-
ing the effects of tDCS. By paying more attention to this factor, researchers can better understand how tDCS works 
and develop more effective and personalised interventions.

Background
Transcranial brain stimulation techniques, particularly 
transcranial direct current stimulation (tDCS), have 
proven to modulate cognitive processes both in healthy 
as well as patients diagnosed with mental disorders [1–
5]. To modify cortical activity via tDCS, electrodes are 
placed on the scalp with low electrical currents being 
routed through them. Without evoking action poten-
tials itself, the stimulation is capable to shift the resting 
membrane potential which in turn affects the resulting 
neuronal response, i.e. the likelihood of action poten-
tials to occur [6]. In conventional stimulation protocols 
the anode enhances the neuronal response of the target 
area, while the cathode reduces cortical excitability at the 
macroscale level. This property of tDCS has been used to 
elicit changes in cortical excitability that can last several 
hours, to modulate cognitive performance in a number of 
ways, and even to reduce the symptoms of neurological 
or mental disorders [7].

In a recent study, we systematically analysed the most 
common stimulation parameters and were able to show 
that anodal tDCS with an intensity of 1  mA to the left 
dorsolateral prefrontal cortex (dlPFC) supports cogni-
tive control (CC) processes in healthy humans, while 
other tDCS configurations did not yield similar results 
[8]. These cognitive control processes are needed to 

uphold effective and goal-directed behaviour [9–12], 
which is required to perform well in the challenging 
task. Effectiveness of tDCS relies on a plethora of fac-
tors. This includes electrode setup (size, shape, orienta-
tion) and stimulation polarity as well as brain and head 
morphology, brain state, pre-existing disorders, usage of 
psychotropic drugs, hormonal states, age, and sex. The 
variability in the factors that influence tDCS still limits 
a systematic use in clinical settings. Not alone the mul-
titude of parameters but also the complex interaction 
between individual psychological, anatomical, and physi-
ological characteristics with the current flow shape the 
direction and magnitude of effects. Therefore, it is not 
surprising that biological sex has already been discussed 
as a critical factor that contributes to the individual vari-
ability of the effects, yet the significance of biological sex 
for the scientific and clinical use of tDCS remains unclear 
and an increasing amount of empirical studies reporting 
sex to be an important variable reinforce this notion [13].

Sex differences include morphological and structural 
variations [14–16] such as overall head size, larger 
brain volumes (up to 10%) for males in cerebrum, cer-
ebellum, cerebrospinal fluid, intracranial volume, and 
deviating tissue density across various brain regions 
[17]. Additionally, larger volumes of white matter for 
several brain regions, most notably the frontal cortex, 
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yet no significant difference for global white matter 
volume [18], and diverging distributions of cancel-
lous bone in the skull [19]. A recent study in a large 
sample of 240 subjects has shown the extent to which 
anatomical parameters of the cortex affect the electri-
cal current distribution caused by tDCS [13]. Notably, 
current densities at the regions of interest varied con-
siderably between females and males, and the distri-
bution of cerebrospinal fluid and grey matter allowed 
the prediction of current intensities at the target sites. 
These findings suggest that the ratio between male 
and female subjects in a study sample influences the 
outcome. Consistently, a recent meta-analysis on 
61 studies supports the notion that, particularly in 
healthy females, higher current density and/or charge 
can enhance response accuracy, and that the higher 
the percentage of females included in the study, the 
stronger the effect sizes [20].

In addition to these morphological traits, hormone 
receptors, neurochemicals and -transmitters, which 
impact neuronal pathways, brain architecture and 
behaviour [21–24], are expressed at different rates 
in distinct brain areas between sexes [25], but also 
between individuals of the same sex [26]. In females, 
cyclic fluctuations of sex hormones such as endogenous 
oestradiol [27] should be taken into account [28–31]. 
As ovarian hormones are known to influence neuro-
transmission and neuronal excitability [32, 33], they 
can thereby affect female’s performance in verbal, spa-
tial, and cognitive tasks across the menstrual cycle [30, 
31]. Interestingly, the use of hormonal contraception 
has been found to further influence brain activity, with 
some activation patterns rather resembling brain activ-
ity in males [34].

In terms of sex differences in regard to tDCS, previ-
ous studies have shown different outcomes for males 
and females in specific brain regions such as the visual 
cortex [35], motor cortex [36], and in different tasks 
that focus on, e.g. decision-making [37] or theory of 
mind [38, 39]. Evidently, biological sex affects tDCS 
efficacy, thereby contributing to the high inter-subject 
and inter-study variability [40, 41]. To circumvent this, 
many studies excluded females and were carried out in 
study samples only including males, thus heavily bias-
ing previous insight towards a male population.

Hence, within this study we focus on this fundamen-
tal characteristic of human biology. We re-analysed 
the sample of 162 healthy subjects form our previously 
published data [8] with regard to sex differences. The 
training gains in a challenging cognitive control task 
over two weeks were compared between females and 
males receiving either concurrent anodal, cathodal or 
sham tDCS.

Methods
This re-analysis is based on previously published data, 
therefore, we report the materials and methods in brief. 
A comprehensive description of the experiments is pro-
vided in Weller et al. [8]. The study was approved by the 
University of Tübingen local ethics committee and exe-
cuted in accordance with the Declaration of Helsinki.

Experimental design
Subjects
In total, 162 subjects were included in the study (127 
females, 35 males). Subjects were aged 18 to 39  years 
(mean  agef = 22.73  years, SD = 3.67  years; mean  agem: 
24.89 years, SD = 4.64 years). We acknowledge biological 
sex not being binary. We distinguish it from gender iden-
tity and are aware that sex and gender need not necessar-
ily align.

Before participation, all subjects gave written informed 
consent. Potential subjects were only included if they 
reported no diagnosed mental or neurological disor-
ders in the past, no achromatopsia (colour blindness), 
no metallic implants or tattoos near electrode sites, con-
sumed less than 10 cigarettes per day, sufficient German 
skills (minimum CEFR level B), and did not take part in 
any brain stimulation studies while enrolling in this study. 
Subjects were discharged from our study, and hence their 
data not used, if they missed a study visit. As compen-
sation, money or course credits were provided with an 
additional bonus for the best 12 performers.

TDCS procedure
Verum stimulation was applied for 19:10  min, there-
fore starting and ending shortly before and after the 
PASAT, respectively. Sham stimulation was applied in 
two blocks, one before and one after the PASAT, lim-
ited to a total of 50  s. The current was applied through 
a CE-certified direct current stimulator (DC-Stimulator 
MC, NeuroConn GmbH, Ilmenau, Germany; version 
1.3.8) and two rectangular rubber electrodes (5 × 7  cm). 
The stimulation was applied as either sham stimulation 
(S) or verum stimulation. For verum stimulation, the fol-
lowing configurations were applied: anodal or cathodal 
polarity (A/C) with an intensity of either 1 mA or 2 mA, 
applied to either the left or right dlPFC. The position for 
the first electrode was determined by the international 
10–20 system (F3 for left dlPFC, F4 for right dlPFC), the 
second electrode was placed over the opposing deltoid 
muscle. The subject’s skin was prepared with mild abra-
sive gel (Nuprep Skin Prep Gel, Weaver and Company, 
Aurora, Colorado) and 70% alcohol, electrode surfaces 
were coated with conductive electrode paste (Ten20 
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conductive Neurodiagnostic Electrode Paste, Weaver and 
Company, Aurora, Colorado) and subsequently attached 
to the skin with adhesive tape.

Experimental groups
The two groups (female and male) were split according to 
tDCS polarity (A/C) to allow the comparison with sham 
tDCS. To conserve statistical power and group sizes, we 
did not split the groups further by intensity and laterality 
as we did in our previous publication. For an overview on 
the demographical data, see Table 1.

Cognitive control training: PASAT (Fig. 1A)
We used a modified adaptive version of the PASAT. Sub-
jects were seated in front of a computer screen. Over 
headphones, they heard single digit numbers in random 
order and were instructed to add the current digit to the 
digit that preceded it by 2 (nth + nth−2). Responses were 
given on a keyboard with all possible results printed on 
it (i.e. the numbers 2 to 18). Subjects were instructed to 
answer as quickly and correctly as possible. If subjects 

answered correctly/incorrectly four times in a row, 
the interval with which the digits were presented was 
decreased/increased by 0.1  s, resulting in performance-
dependent task speed. At the beginning of each session, 
the interval between digits was 3  s and then adjusted 
according to performance. Each training session was 
divided into 3 blocks, 5  min each, with the achieved 
interval being carried over from block to block. Between 
each block a 30 s pause was implemented. Subjects were 
only allowed to give answers with their right index finger.

This form of the 2-back PASAT [42] was chosen over 
the standard 1-back PASAT, where the last digit must be 
added to the digit directly before it. From our experience, 
the 1-back PASAT would likely have been too easy for 
our healthy group and would have culminated in ceiling 
effects.

Study timeline (Fig. 1B)
In total, each subject attended nine sessions. Session one 
to eight happened within one months’ time (pre-training 
in week 1, six training sessions in week 2 and 3, post-
training in week 4). The last session (follow-up) was con-
ducted three months later. During each session subjects 
carried out the PASAT, however tDCS was applied only 
during training sessions. Training sessions alternated 
with one training-free day.

Questionnaires
To assess for right-handedness, only subjects scoring 
higher than 60 in the Edinburgh Handedness Inventory 
(EHI) could participate in this study [43]. This was done 
to minimise possible variability in tDCS response caused 
by subjects’ handedness [44]. Through the Questionnaire 
on Current Motivation (QCM), we a priori accounted 
for overall interest and perceived challenge in the task 
as this might have subsequently influenced performance 
[45]. Other anamnestic data such as age and formal edu-
cation were inquired about in a custom questionnaire. 
We measured subjects’ self-esteem through a modified 
Rosenberg Self Esteem Scale (RSES) which allowed to 
measure self-esteem scores between 10 and 50 [46]. For 
a summary of the assessed items please refer to Table 1. 
It is of note, that this RSES utilises a 5-point Likert scale 
incorporating a middle category of agreement (“nei-
ther agree nor disagree”), unlike the original version of 
the questionnaire which only offers 4 points. This might 
increase variability of responses or reduce acquiescence 
bias, and analyses regarding varying numbers of Likert 
scale points show no difference in external validity [47].

Statistical analyses
Unless stated differently, threshold for type I error was 
set to 5% and all tests refer to two-tailed tests. R version 

Table 1 Demographic group characteristics

Means and standard deviations (M(SD)) are shown; if not applicable, the number 
of subjects belonging to each trait are shown. One female subject in the 
cathodal group was removed from our analyses, as her performance deviated 
more than 2 SD from all other subjects, resulting in a total of 162 instead of 163 
subjects

EHI  Edinburgh Handedness Inventory, QCM  Questionnaire on Current 
Motivation, RSES  Rosenberg Self-esteem Scale
a Fisher’s exact test
b t-test
c Chi2

*p < 0.05

Sex f m Test statistic

N subjects 127 35 Not applicable

Ageb 22.73 (3.67) 24.89 (4.64) t(160) = 2.898, 
p = 0.004*

EHI-Scoreb 0.904 (0.1318) 0.940 (0.0914) t(160) = 1.520, 
p = 0.131

Last math  gradeb 2.29 (1.078) 2.26 (0.954) t(160) = − 0.113, 
p = 0.910

QCM (anxiety)b 3.5795 (1.2094) 3.5086 (1.2313) t(160) = − 0.306, 
p = 0.760

QCM (success)b 4.0735 (1.2791) 4.3897 (1.2839) t(159) = 1.279, 
p = 0.203

QCM (interest)b 3.9925 (1.1751) 4.2457 (1.2603) t(160) = 1.111, 
p = 0.268

QCM (challenge)b 5.2165 (0.9206) 5.3571 (0.9301) t(160) = 0.798, 
p = 0.426

RSESb 39.09 (5.314) 40.06 (5.263) t(158) = 0.956, 
p = 0.341

Hormonal contra-
ceptive (yes/no)c

64/63 Not applicable χ2(1) = 0.008, 
p = 0.929

Smoking (yes/no)a 15/112 8/27 p = 0.087
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3.5.1 to 4.0.2 [48] with packages nlme [49] as well as rege-
hlper [50] and IBM SPSS Statistics Software version 24 
[51] were used for all analyses.

Cognitive control training: effects of tDCS between sexes
To assess performance, the number of correct trials 
within each training session (ncorr) was calculated. This 
was done as the PASAT was limited by time (15 min raw 
PASAT), hence subjects were able to solve as many cal-
culations during a session as their abilities allowed. As 
faster digit presentations were a result of better perfor-
mance (i.e. higher count of ncorr), this variable was chosen 
as a comparator between the study groups.

Since pre-training performance (ncorr(pre)) might prove 
to be an indicator for overall performance, this value 

was compared separately between the female and male 
group. For this, we used a mixed-effects ANOVA with 
the within-subject factor ncorr(pre) and between-subjects 
factor sex.

Next, the training sessions (session two to seven) were 
analysed. For each of the following steps, performance 
gain measured in one sex was compared to performance 
gain of the other sex. All this was done in a linear mixed-
effects model: sex, time (i.e. session number), and the 
interaction sex x time were used as fixed effects. Perfor-
mance (ncorr) was used as the dependent variable, and 
ncorr(pre) was included as a regression coefficient. Random 
effects were measurement timepoint and individual sub-
ject (~ 1 + time | subject). Firstly, subjects were grouped 
by sex only, regardless of the tDCS intervention (males, 

Fig. 1 During the PASAT, single digit numbers were presented to each subject. They were asked to sum the current (nth) and second-to-last 
digit (nth−2): e.g. digits at timepoints C and A, D and B, E and C, and so on. Several correct answers in a row shortened the interval between digit 
presentations while long answers prolonged it (A). Subfigure B shows the timeline of the experiment. Figure adapted from Weller et al. [8], reprinted 
with permission
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pooled:  mP; females, pooled:  fP). Secondly, we split the 
groups by tDCS polarity to test for possible polarity-
dependent deviations: performance gain of all males 
from the sham group  (mS) was compared to the perfor-
mance gain of all females from the sham group  (fS). Anal-
ogous, the performance gain of the anodal  (mA and  fA) 
and cathodal  (mC and  fC) groups were compared.

Cognitive control training: effects of tDCS within each sex
While the afore-described steps allow for the analysis of 
effects between the two sexes, they do not answer the 
question whether any tDCS condition caused effects 
within each sex. Therefore, we ran a linear mixed-effects 
model for each sex independently. For this, we compared 
performance of subjects who had received either anodal 
or cathodal tDCS to subjects of the same sex who had 
received sham tDCS  (mA and  mC compared to  mS;  fA and 
 fC compared to  fS). Again, ncorr was used as the dependent 
variable and ncorr(pre) was included as a coefficient. Fixed 
effects were defined as the condition (S/A/C), time (cor-
responding to session), and the interaction between con-
dition x time. As random effects, measurement timepoint 
and individual subject (~ 1 + time | subject) were used.

We refrained from computing non-standardised (B) 
and standardised beta coefficients (β), for why measur-
ing effect strength is still a topic of discussion where 
an optimal roadmap has yet to be developed. This goes 
in accordance with the reasoning given when the beta() 
function included in R’s reghelper package [52–55] was 
deprecated. The between-sex analyses were corrected via 
the Bonferroni–Holm method, as the polarity sample is a 
subgroup of the pooled sample. Lastly, to look at possible 
long-term effects, performance gains of the groups were 
tested against each other via t-tests.

Questionnaires
The questionnaires were implemented to ensure similar 
group compositions, comparative analyses between male 
and female groups were performed using Fisher’s Exact 
test, t-test,  Chi2 test with each questionnaire’s outcomes 
as dependent variables (Table 1).

Results
Sample characteristics
No disparities were found for pre-training performance 
between females and males, showing that subjects started 
the study at similar performance levels: F(1, 160) = 1.809, 
p = 0.180, η2 = 0.011. The distribution of females men-
struating during the training phase did not differ between 
the groups split by tDCS polarity (S/A/C; Fisher’s exact 
p = 0.659). While there was a significant age difference 
(males being older by an average of 2 years), there were 

no differences for any of the other descriptive factors; 
please refer to Table 1 for a comprehensive overview.

Cognitive control training: between sex effects
Figure  2 shows subjects’ performance gains over time. 
Additional file  1: Table  S1 provides the raw ncorr for all 
possible groups. The exhaustive statistics for all analy-
ses are provided in Additional file 1: Table S2–S7. Main 
effects of time and ncorr(pre) were highly significant in all 
cases (p < 0.001), showing that subjects improved their 
performance over the course of the training and that 
pre-training performance was a predictor for further per-
formance gains, with higher pre-training performance 
correlating with increased performance gains during the 
subsequent training period. The significant differences in 
training effects between the two sexes, that we were able 
to find during the training period, did not persist for post-
training or follow-up (post-training: t(45.568) = −1.391, 
p = 0.171; follow-up: t(158) = 0.841, p = 0.402). No differ-
ence in baseline performance was found for either anal-
ysis (pooled group: p = 0.180; anodal group: p = 0.105; 
cathodal group: p = 0.320; sham group: p = 0.078. Bonfer-
roni–Holm corrected threshold: p = 0.025).

Analysis of all subjects combined regardless of tDCS 
parameters  (mP/fP)
Between the two pooled groups, we found an effect of 
sex, indicating that females exhibited higher training 
gains compared to males (p = 0.0038). The Bonferroni–
Holm corrected threshold for significance is 0.0125. 
Based on this significant general sex difference, we split 
groups according to the applied polarity. See Additional 
file 1: Table S2.

Analysis of subjects according to stimulation polarity  (mS/fS; 
 mA/fA;  mC/fC)
Here, we found a significant effect for anodal polarity. As 
above, females showed higher performance gains than 
males when anodal tDCS was applied (p = 0.0070 with 
Bonferroni–Holm corrected threshold of 0.0167), how-
ever no such sex effect emerged for the sham (p = 0.2063 
with Bonferroni–Holm corrected threshold of 0.025) or 
cathodal condition (p = 0.3258 with Bonferroni–Holm 
corrected threshold of 0.05, respectively). See also Addi-
tional file 1: Table S3–S5.

Cognitive control training: within‑sex effects
While the hierarchical analysis above answers the ques-
tion whether females and males varied in their perfor-
mance gains, it does not allow to draw conclusions about 
performance changes based on tDCS polarity within 
each sex. Hence, we analysed the two sexes indepen-
dently thereby exploring possible tDCS effects that are 
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prominent in one sex but absent in the other. Figure  3 
shows the number of correct trials per training session 
within each sex.

Male group: polarity  (mS/mA/mC)
We found no differences in performance gains for polar-
ity between the male verum group compared to the male 
sham group  (mA: p = 0.6882;  mC: p = 0.4822). See also 
Additional file 1: Table S6.

Female group: polarity  (fS/fA/fC)
Assessing for polarity effects in females, we observed 
a significant effect with females receiving anodal tDCS 
performing better over the training sessions than the 
female sham group (p = 0.0354). This was not the case for 
the cathodal group compared to sham (p = 0.6181). The 
effect for the anodal group did not persist throughout 
post-training (t(52.994) = −1.009, p = 0.318) or follow-
up (t(79) = −1.578, p = 0.119). See also Additional file  1: 
Table S7.

Discussion
In this re-analysis of previously published data, we 
tested the influence of biological sex on tDCS-supported 
enhancement of cognitive control training in healthy 
females and males who underwent a challenging 2-week 
training paradigm (PASAT). For the whole study group, 

including all stimulation conditions (anodal, cathodal, 
sham), we found a larger training benefit in females com-
pared to males over the course of the training phase. 
More precisely, females had consistently higher training 
gains compared to males when anodal tDCS (but not 
cathodal or sham) was applied to the prefrontal cortex 
during training. Consistently, the comparison of stimu-
lation conditions within sexes demonstrated a benefi-
cial effect of anodal over sham tDCS in females, but no 
such effect in males. No effects were found in either sex 
for cathodal over sham tDCS. Thus, our analysis indi-
cates that the enhancement of cognitive control training 
by anodal tDCS is critically modulated by biological sex, 
with females being more susceptible for beneficial effects 
than males. A similar level of performance at baseline 
and the lack of differential effects in the sham group 
underline the specificity of this effect: the absence of dif-
ferences in educational levels and expectation towards 
the task as assessed via questionnaire indicate compa-
rable performance prerequisites in both sexes, and both 
groups had similar math abilities and motivation to per-
form well in the task.

So far, the available data on the interaction between 
biological sex and tDCS are highly inconsistent with 
some studies reporting effects only in one sex while being 
absent, or even opposite, in the other [20, 56, 57]. For 
example, Meiron et al. showed beneficial effects of anodal 

Fig. 2 Performance development between the two sexes. Measurement of performance is the sum of correct trials per session. Shown here 
is the performance for A: all subjects and B1–B3: separated by tDCS polarity. For every subfigure, females’ performance gains are compared 
to males’. Trendlines indicate performance gains over time, with steeper inclines corresponding to higher performance gains. We found a significant 
effect of sex when analysing all conditions in a single group (A), with female’s performance increase surpassing male’s (p = 0.0038). For polarity 
(B1–B3), we found that females improved significantly over males under anodal conditions (B1; p = 0.0070), whereas no difference was found 
under cathodal (B2; p = 0.3258) or sham condition (B3; p = 0.2063). *Groups where performance gains differ significantly (p < 0.05)
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tDCS during a verbal n-back task with stimulation of 
the left dlPFC in their male sample, whereas in females 
stimulation of the right dlPFC proved to achieve similar 
positive effects [58]. He et al. found, that while both sexes 
benefitted from anodal tDCS over the left dlPFC in the 
Iowa Gambling Task, in females the stimulation effect 
was more pronounced [59]. In our study, we were able 
to show that anodal tDCS facilitated training gains in 
females, but not males.

As diverse as the outcomes of anodal tDCS alone are, so 
are the results from studies focusing on cathodal tDCS. 
For example, some research has found excitatory effects 
of cathodal tDCS over the motor cortex. This effect how-
ever, was only prominent for certain current intensities. 
More strikingly, the magnitude, duration, and direction 
of these non-linear effects were dependent on stimulation 
intensity [60]. Another study found that cathodal tDCS 
increased performance in a cognitive task, instead of 

Fig. 3 Performance development within each sex. Measurement of performance is the sum of correct trials per session. Shown are the number 
of correct trials for all females in A and males in B, split each by tDCS polarity. The performance for each polarity condition (bars) was compared 
to sham stimulation (black line). We found significant performance gains for females in the anodal group compared to sham (p = 0.0354). 
This effect was not seen in the cathodal group, where the performance increase of cathodal and sham stimulation was of similar magnitude 
throughout the training phase (p = 0.6181). No significant effects were found for either polarity in the male group, as both polarities resulted 
in similar performance gains compared to sham stimulation (mA: p = 0.6882; mC: p = 0.4822). *Groups where performance gains differ significantly 
(p < 0.05)
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degrading performance [61]. These examples alone high-
light even more how complex the relationship between 
tDCS parameters and their potential effects is. While we 
were not able to observe any effects for cathodal tDCS 
in our study, it is possible that this resulted from a cer-
tain parameter combination we did not analyse, the study 
group that was included in the experiments, or the task 
that was done during the stimulation. Lastly, it is not yet 
clear if or how the magnitude of outcomes from anodal 
and cathodal tDCS are related.

It seems reasonable to assume that the sex-dependent 
variability in our study is at least partially explained by 
anatomical differences for instance in volume of cer-
ebrospinal fluid, skull thickness, gyrus orientation, or 
the individual location of the dlPFC. It should be noted 
that the relevance of sex differences in brain architecture 
for cognitive functions and mental health are still under 
debate. Two recent analyses based on MRI data [62, 63] 
coincide that structural differences in brain morphology 
between males and females exist, but draw contrasting 
conclusions on their impact: ranging from the differences 
being trivial (e.g. derived from height and size of the sub-
ject) and the brain not being sexually dimorphic [63], to 
several regions still being significantly distinct even when 
accounting for overall body morphology [64]. In the 
end, current status can potentially agree on the “mosaic” 
hypothesis, indicating that no typical female or typical 
male brain exists without neglecting frequently reported 
differences in brain anatomy and function [65]. Based 
on this variability, it can be assumed that current flow 
that reaches the cortical area relevant for cognitive con-
trol processes differs between females and males [66]—
and hence identical tDCS configurations not necessarily 
lead to comparable results in all sexes. However, some 
researchers suggests that this variability is more appro-
priately described by means of these anatomical features 
than in regard to biological sex differences [13, 67, 68]. 
Nevertheless, it has also to be considered that inter-
individual variability possibly outweighs sex effects [69], 
though greater variance in brain structure was reported 
in males than females across the lifespan [16].

Besides anatomical variability, variations in task-spe-
cific activation of brain networks exist and reinforce 
the significance of the task being conducted during the 
application of tDCS. Sex-specific activation patterns 
have been found in various cognitive tasks as well as in 
the processing of emotional information [70–72]. For 
instance, under specific task conditions, females have 
been shown to more strongly involve higher-order frontal 
regions such as the prefrontal cortex which could be fur-
ther enhanced by tDCS [69, 73]. In another study more 
pronounced effects of tDCS were visible when tDCS 
was applied on the hemisphere that was predominantly 

activated during a specific task [74]. With this evidence 
we can assume that the beneficial effects of tDCS in 
females were likely also influenced by the underlying spe-
cific activation patterns within the frontal brain regions.

More specifically, and in addition to the aforemen-
tioned differences, variability between the sexes in chal-
lenging cognitive tasks might be linked with the fact that 
females and males show different brain activity particu-
larly in response to cognitive stress, which then in turn 
affects performance during those stressful tasks [75–77]. 
Therefore, it can be assumed that tDCS shows sex-spe-
cific differences of brain activity in a stressful task like the 
PASAT [78]. More precisely, females have been shown 
to be more sensitive to negative feedback [79], which is 
a major component in the PASAT, posing an additional 
challenge for the executive system. Both workload and 
cognitive state can influence the efficacy of tDCS. Li 
et al. showed that effects of anodal tDCS were more pro-
nounced without a concurrent task while the opposite 
was true for cathodal tDCS, yet, results like these seem 
to highly depend in the task itself [80, 81]. However, as 
stress increases workload [82], a consequently higher 
activity of the dlPFC might be the basis for a higher 
response to tDCS in females specifically.

Within our sample we found an age difference of 
approximately 2 years between males and females. Previ-
ous studies have shown that age seems to be related to 
tDCS efficacy. Supposedly, this effect can be related to 
brain atrophy and that the aging brain, with its accom-
panying changes in morphology, requires different tDCS 
parameters to be effective [83]. This data suggests that the 
higher age difference between groups, the more closely 
parameters should be inspected and adapted—especially 
current dose. However, the study also notes that the brain 
ratio as a measure of brain atrophy, rather than chrono-
logical age, plays the larger role in the response to tDCS. 
As the age difference in our sample is very small and both 
groups would still fall within the same age cluster (i.e. 
young adults), we presume that biological sex is the main 
driving factor for the performance variations we found.

Conclusively, structural and functional anatomy of cog-
nitive control training likely varies between males and 
females. Indeed, recent studies allow the assumption 
that individual components of cognitive control may be 
altered differently in the sexes (yet without systematic 
advantage) and that these effects depend on the modal-
ity of testing and respective parameters [58, 75]. It stands 
to reason that both sexes employ different strategies 
when presented with challenging tasks [76, 84, 85] such 
as the PASAT. The specific strategies and how they can 
be enhanced by concurrent tDCS, remains elusive so far, 
but increasing evidence for this theory has been found 
recently.
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A limitation of this retrospective analysis is the unequal 
distribution of sexes in our sample. While the applied 
statistical models are robust enough to account for the 
numerical distribution, the smaller number of male sub-
jects did not allow to analyse the influence of sex on stim-
ulation intensity and laterality. Another challenge is that 
the hormonal states of individual subjects can influence 
tDCS and should therefore be monitored thoroughly: 
oestradiol is known to enhance cortical excitability and 
should be considered when excitability is modified via 
tDCS, while at the same time, progesterone can decrease 
excitability [86]. Higher levels in oestradiol (compared to 
lower levels) have shown greater neuroplastic responses 
when tDCS was applied to the frontal cortex, hence sug-
gesting that oestradiol contributes to inter-individual 
variability in tDCS outcomes [27]. As our data allow to 
analyse the distribution between females menstruating/
not menstruating during the experiment, we found that 
this distribution was equal. However, we did not collect 
more specific data on menstrual cycles to determine the 
exact cycle phase of each female. As oestradiol peaks 
before ovulation but rises again during the mid-luteal 
phase, simply comparing females who are menstruating 
(low levels) with not menstruating females (varying lev-
els) is not enough. Additionally, half of our female sample 
were using hormonal contraception, thus further influ-
encing sex hormone levels. This needs to be addressed in 
more detail in further prospective studies, focussing spe-
cifically on this research question.

Another aspect to consider is the question whether the 
observed effects are actually related to biological sex or 
whether they are mostly correlated to anatomical differ-
ences. However, as certain anatomical features and sex 
heavily correlate with each other, this is more a matter 
of perspective and phrasing and hence the critical inter-
action between sex and tDCS intervention outcomes 
remains.

Finally, in an adult human sample effects of sex can 
hardly be disentangled from effects of gender and gender 
roles. Self-concepts and personality traits, such as neu-
roticism and conscientiousness, that are more expressed 
in females [87], can influence behaviour and are thought 
to be influenced by experience, social desirability con-
cerns, and societal norms. We did not assess gender 
identity, gender norms and gender expression in our par-
ticipants which should be done in future studies to shed 
light on how gender and other diversity aspects influence 
reported results.

In sum, we can conclude that research is picking up 
on the importance of sex differences in the neuromodu-
lation of the human cortex. With this study we shed 
further light on the variable impact of tDCS on perfor-
mance in a cognitive task and whether this is influenced 

by biological sex. Most likely, sex-related diversities are 
not binary but lie on a complex spectrum composed of 
morphological, hormonal, and neurobiological factors. 
Researchers should harness the knowledge on sex differ-
ences to stratify and personalise brain stimulation inter-
ventions. Especially in the light of tDCS being a viable 
tool for the treatment of various illnesses, it is vital to 
further uncover the (biological) characteristics that have 
a bearing on tDCS efficacy and hence contribute to the 
high variability we currently see in the study landscape. 
By doing so, personalised interventions may prove to sur-
pass standardised paradigms soon.

Perspective and significance
Non-invasive transcranial brain stimulation is a power-
ful tool to influence cognitive performance and training. 
The stimulation effects can be modulated by a multitude 
of factors one of them is sex/gender. While the results 
of this study suggest that tDCS works better in females 
when faced with a challenging cognitive task, we can-
not conclude that there are no effects in males. This will 
require a more focused and sex-based approach. Under-
standing how sex interacts with tDCS is a critical step on 
the path to personalised and effective cognitive interven-
tions and treatments.

Conclusions
Our results are the first to show that beneficial effects 
of anodal tDCS on cognitive control training are more 
prominent in females than in males. This supports the 
notion that biological sex is one of the critical sources 
of variability in tDCS responses on cognitive training in 
particular and most likely in neuromodulation in gen-
eral. Notably, these sex effects are measurable under 
anodal tDCS, however not under cathodal or sham con-
dition. When comparing tDCS polarities within the 
sexes, anodal tDCS proved to be beneficial over sham 
and cathodal tDCS for females, however that was not 
the case for males. Accordingly, our results clearly point 
towards a further individualisation of tDCS by recognis-
ing biological sex. Further research is required to eluci-
date the specific interrelations between biological, social 
and functional characteristics of individuals and stimula-
tion techniques. Based on this, more refined tDCS inter-
ventions show a promising perspective to yield optimal 
results for research and therapy.
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and standard deviations in parentheses. Table S2. Results from the linear 
mixed model for all males and females pooled, regardless of tDCS setting. 
All calculations use the female group  (fP) as a reference. Number of sub-
jects: N = 162. Table S3. Results from the linear mixed model for groups 
organised by tDCS polarity (sham). All calculations use the female group 
 (fS) as a reference. Number of subjects: N = 43. Table S4. Results from the 
linear mixed model for groups organised by tDCS polarity (anodal). All cal-
culations use the female group  (fA) as a reference. Number of subjects: N 
= 60. Table S5. Results from the linear mixed model for groups organised 
by tDCS polarity (cathodal). All calculations use the female group  (fC) as a 
reference. Number of subjects: N = 59. Table S6. Results from the linear 
mixed model from the male group divided by tDCS polarity. All calcula-
tions use the sham group  (mS) as a reference. Number of subjects: N = 
35. Table S7. Results from the linear mixed model from the female group 
divided by tDCS polarity. All calculations use the sham group  (fS) as a refer-
ence. Number of subjects: N = 127.
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