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Abstract

Transcranial direct current stimulation (tDCS) of the prefrontal cortex might beneficially influence neurocognitive dysfunc-
tions associated with major depressive disorder (MDD). However, previous studies of neurocognitive effects of tDCS have
been inconclusive. In the current study, we analyzed longitudinal, neurocognitive data from 101 participants of a randomized
controlled multicenter trial (DepressionDC), investigating the efficacy of bifrontal tDCS (2 mA, 30 min/d, for 6 weeks) in
patients with MDD and insufficient response to selective serotonin reuptake inhibitors (SSRI). We assessed whether active
tDCS compared to sham tDCS elicited beneficial effects across the domains of memory span, working memory, selective
attention, sustained attention, executive process, and processing speed, assessed with a validated, digital test battery. Addi-
tionally, we explored whether baseline cognitive performance, as a proxy of fronto-parietal-network functioning, predicts
the antidepressant effects of active tDCS versus sham tDCS. We found no statistically significant group differences in the
change of neurocognitive performance between active and sham tDCS. Furthermore, baseline cognitive performance did
not predict the clinical response to tDCS. Our findings indicate no advantage in neurocognition due to active tDCS in MDD.
Additional research is required to systematically investigate the effects of tDCS protocols on neurocognitive performance
in patients with MDD.
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Introduction

Transcranial Direct Current Stimulation (tDCS) is a form of
non-invasive brain stimulation (NIBS) that utilizes electrodes
on the scalp to create a weak electrical current in order to
modulate cortical excitability [1]. In the treatment of major
depressive disorder (MDD), anodal tDCS is usually applied
over the left dorsolateral prefrontal cortex (DLPFC) [2], a
brain area which contributes to frontoparietal network (FPN)
function [3]. The FPN plays a central role for several cognitive
domains, like attention[4], working memory [5], memory span
[6] executive function [7], processing speed[8], and cognitive
control [9]. Poor performance in these cognitive domains has
also been associated with depressive disorders [10—14]. There-
fore, it seems plausible that stimulation of the FPN could influ-
ence performance in these domains and that baseline cognitive
performance, as a proxy of FPN functioning, could predict the
clinical effects of stimulation.

Previous studies have investigated the neurocognitive
effects of tDCS when applied to the DLPFC in patients with
MDD reporting significant time-dependent improvements in
attention/vigilance, working memory, executive functioning,
processing speed, and social cognition when compared to
placebo [15-18]. On the other hand, multiple studies report
no statistically significant group-by-time interaction effects
[19-27]. A recent meta-analysis of the cognitive effects of
tDCS across multiple disorders revealed that active tDCS
elicited improvements in attention/vigilance, and working
memory when compared to sham tDCS [28]. This meta-
analysis was based on studies that were very heterogeneous in
designs, sample sizes, outcomes, and main findings. Thus, a
study with a large sample size would be warranted to further
test the effects of tDCS on cognition in patients with MDD.
To the best of our knowledge, no studies have investigated
baseline cognitive testing as a predictor of affective response
to tDCS.

In this ancillary analysis of a triple-blind, randomized,
sham-controlled multicenter trial, we investigated whether
a standard bifrontal tDCS protocol compared to sham tDCS
alters cognitive performance across the domains of memory
span, working memory, selective attention, sustained attention,
executive functioning, and processing speed. Additionally, we
explored whether baseline cognitive performance as a proxy
of FPN functioning predicts the antidepressant effects of tDCS
versus sham tDCS.

@ Springer

Methods and materials
Study population

We analyzed data from the DepressionDC trial (trial regis-
tration number: NCT02530164); a triple-blind, randomized,
sham-controlled clinical trial carried out across eight psy-
chiatric centers in Germany [29]. The study investigated
the efficacy and safety of tDCS as a treatment for MDD
in patients that did not respond to conventional pharmaco-
logical treatment with selective serotonin reuptake inhibitors
(SSRIs). Patients were originally randomized to receive 24
sessions within 6 weeks of either active or sham tDCS. The
montage employed in tDCS involves placing the anode over
F3 and the cathode over F4. Active stimulation consisted
of a constant 2 mA direct current that lasted for 30 min.
The sham paradigm consisted of a ramp-up and ramp-down
sequence to induce similar skin sensations as active tDCS.
tDCS was applied using a DC-stimulator (‘Mobile’, neuro-
Conn GmbH, Ilmenau, Germany). Inclusion and exclusion
criteria are reported in the supplement. Local ethics com-
mittees approved the study at each study site. All partici-
pants gave their written informed consent before inclusion
in the study. From an initial sample total of 150 patients
(intention-to-treat sample), we analyzed the data from 101
patients that had available neuropsychological assessments.
Data from 49 patients were missing due to technical errors,
organizational difficulties at the local treatment sites, and
refusal to participate.

Neurocognitive test battery

Neurocognitive function was assessed longitudinally dur-
ing the study at baseline, post-treatment (week 6), and at
the 6-month follow-up using the EmoCogMeter, a digital-
ized, validated cognitive test battery developed at the Charite
Berlin [30-32]. The EmoCogMeter examines the domains
of memory span, working memory, selective attention, sus-
tained attention, executive function, and processing speed.
Memory span is tested by a digit-span assessment [33].
Working memory was assessed by an n-back task [13]. A
variant of the Stroop test and a working memory component
were used to assess selective attention and sustained atten-
tion, respectively [34]. executive function was measured by
both the Trail Making B [35] and Tower of Hanoi tests [36].
Finally, processing speed was measured using a symbol let-
ter modalities test, a variation of the symbol digit modality
test. For additional technical information about the tests,
please refer to the supplement.
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Further outcome measures

The severity of the depressive episode was assessed by
trained clinical staff utilizing the Montgomery—Asberg
Depression Rating Scale (MADRS), which was also cho-
sen for the primary outcome of the study [37]. Severity is
classified as an absence of symptoms (0—6 points), mild
depressive episode (7—19 points), moderate depressive epi-
sode (20-34 points), or severe depressive episode (35-60
points). State and trait anxiety were measured utilizing The
State-Trait Anxiety Inventory (STAI) [38], with a thresh-
old of 39-40 for identifying clinically significant anxiety
symptoms [39].

Statistical analysis

Statistical analyses were conducted in R, version 4.2.1.
results [40]. Results were considered significant at o« =0.05.
We compared baseline characteristics between treatment
groups using Pearson's y” tests and Wilcoxon-rank-sum tests
as appropriate. To reduce the effect of extreme test perfor-
mances, we identified values below the 1% and above the
99% percentile on each task and set them to the respective
percentile values (winsorization).

To assess potential treatment effects of active tDCS on
cognitive performance, we fitted linear mixed models using
the Ime4 package [41] to predict change from baseline to
week 6 on each cognitive test. Treatment group (active
tDCS versus sham tDCS) was included as a fixed effect
while controlling for the respective baseline cognitive test
score (formula: change in cognitive performance ~ treatment
group + baseline cognitive performance). Sensitivity analy-
ses included additional models with sex, age, and baseline
MADRS as covariates.

To assess potential predictive influences of baseline cog-
nitive performance on antidepressant treatment effects of
active tDCS, we again fitted linear mixed models to predict
change from baseline to week 6 on the MADRS. Treatment
group, performance on the respective cognitive domain,
and their interaction were included as fixed effects while
controlling for baseline MADRS scores (formula: MADRS
change ~ treatment group x cognitive performance at base-
line + baseline MADRS score).

All models included the treatment site as a random effect
(formula: ~ 11 site). Significance of the model factors was
determined using omnibus tests (Type III ANOVA) with
Satterthwaite approximation to degrees of freedom. We did
not use imputation since linear mixed models are able to
handle missing data. Standardized effect sizes for regression
coefficients were computed using the emmeans::eff_size()
approach, with the sigma parameter being directly extracted
from the regression model [42]. We corrected for multiple

testing across predictors using the false-discovery-rate
(FDR) method [43].

Results
Sample characteristics

We analyzed data from 101 patients (active tDCS, n=50;
sham tDCS, n=51). Mean age (active tDCS 39 [SD 14];
sham tDCS 39 [SD 14]; p=0.76). Sex: active tDCS 40%
male; sham tDCS 40% male. Primary baseline and clini-
cal features across the active and sham-tDCS groups were
similar (Table 1 and Supplementary Table 1). Winsorized
mean test performances and the number of winsorized meas-
urements per cognitive test are reported in supplementary
Table 5 and 6.

Treatment effects on neurocognitive test scores

We observed no significant group-by-time interactions
between treatment group and memory span, working
memory, selective attention, sustained attention, executive
function, or processing speed. Pre- and post-treatment per-
formance across neurocognitive tests for active tDCS and
sham tDCS is shown in Fig. 1, and Table 2 provides further
statistical information. Results for additional models includ-
ing sex, age and baseline MADRS yielded similar results
(supplementary Table 2—4).

Prediction of clinician-rated depression (MADRS)

We did not detect significant interactions, when predicting
MADRS change, between treatment group and memory
span, working memory, selective attention, sustained atten-
tion, executive function, or processing speed. Table 3 pro-
vides the effect size of each neurocognitive test at baseline
and Fig. 2 depicts the association between baseline cognitive
performance and changes in MADRS scores.

Discussion

In this ancillary analysis of the DepressionDC trial, a ran-
domized, sham-controlled multicenter study assessing the
antidepressant efficacy of a prefrontal tDCS as acute treat-
ment in patients with MDD and SSRI treatment, we found
no statistically significant group differences between active
tDCS and sham tDCS for the change of performance in FPN-
associated cognitive domains (i.e. memory span, working
memory, selective attention, sustained attention, executive
function and processing speed) from baseline to week 6.
Furthermore, baseline performance in these domains was not
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Table 1 Ba?eline patient Characteristic tDCS, n=>50" Sham, n=>51" P value?
characteristics
Sex 0.76
Female 30 (60%) 29 (57%)
Male 20 (40%) 22 (43%)
Age (years) 39 (14) 39 (14) 0.98
Age of onset of depression (years) 32 (12) 34 (15) 0.85
Duration of current episode (weeks) 62 (69) 58 (69) 0.66
Schooling (years) 11.84 (1.93) 11.66 (1.72) 0.56
MADRS score 22.8 (6.1) 23.2(5.3) 0.60
BDI score 27 (12) 28 (11) 0.52
WHO/DAS score 22.(9) 24 (11) 0.32
GAF score 55 (10) 56 (9) 0.98
SHAPS-D score 4.6 (3.0) 5.7 (3.5) 0.14
State-trait anxiety inventory state score 53 (11) 55(9) 0.53
State-trait anxiety inventory trait score 57 (10) 55 (10) 0.73
CD-RISC score 16 (7) 17 (7) 0.68

"'n (%); mean (SD). 2 Pearson’s Chi-squared test; Wilcoxon rank sum test

MADRS Montgomery—Asberg Depression Rating Scale, BID Beck Depression Inventory, WHO/DAS The
World Health Organization Disability Assessment Schedule, GAF Global Assessment of Functioning,
SHAPS-D self- reported anhedonia assessed with the Snaith Hamilton Anhedonia Pleasure Scale, CD-RISC

Connor-Davidson Resilience Scale

differentially associated with a change in depression severity
for active tDCS compared to sham tDCS.

Our results are in contrast to a recent meta-analysis that
found significant effects of tDCS on working memory and
attention [28]. This meta-analysis was based on studies with
sample sizes between n=18 [15] and n= 127 [26] the num-
ber of treatment sessions (one [24] up to 22 [26] and tDCS
dosages(0.5 mA [21, 27], I mA [15, 20] and 2 mA [16—18,
22-26]) was highly heterogeneous. Among single studies
included in this meta-analysis, several authors reported
an improvement of attention/vigilance, working memory,
executive functioning, processing speed, and social cogni-
tion [15, 17], spatial working memory [18] or processing
speed [16]. However, other studies in this meta-analysis are
rather in line with our findings and did not show significant
effects of tDCS on performance in neurocognitive domains
[20-27]. The ELECT-TDCS trial, a clinical study with iden-
tical stimulation parameters and a larger sample size, did not
find significant effects on cognition either [26].

There are several potential reasons for these negative find-
ings. First, our multicenter trial tested only one set of tDCS
parameters with the aim of reducing depressive symptoms.
However, dose—response curves for single domains of neu-
rocognitive performance have not been established. They
may be non-linear and could theoretically vary from one
domain to another [44, 45] as well as from dose-response
curves of antidepressant effects. While being in line with
previous studies on antidepressant tDCS, the administered
dosage in our trial might have been insufficient to optimally
modulate specific prefrontal cognitive functions. Second,
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the main trial did not show beneficial antidepressant effects
of active tDCS over sham tDCS. Thus, the applied tDCS
protocol might have also been not potent enough to modu-
late neuroplasticity changes in general. Third, high levels of
arousal, estimated by using the State-Trait Anxiety Inventory
(STAI), have been reported to diminish cognitive practice
effects elicited by tDCS, [46] underlining the potential role
of arousal in shaping responses to neuromodulation. In our
study, both groups had high baseline STAI scores, and such
high baseline anxiety could have reduced the effects of tDCS
on neurocognitive performance. Lastly, several studies have
reported that tDCS might only elicit procognitive effects
when simultaneously combined with specific cognitive tasks
[47-52]. Thus, passive stimulation, as administered in our
trial, might not be sufficient to enhance cognition in patients
with MDD.

To the best of our knowledge, this is the first study that
investigates whether cognition at baseline may be used
to predict improvement of depression during a course of
tDCS. Our study has multiple strengths. The study followed
the highest possible trial design standards by being triple-
blinded, placebo-controlled, and multicenter. We applied
a tDCS protocol (2 mA, 30 min) established in previous
studies which showed a superior antidepressant efficacy of
active over sham tDCS, i.e. the SELECT-TDCS [53] and
ELECT-TDCS [26] trials, and our data-set is one of the
biggest samples in the field to date (n=101). Furthermore,
we used a validated digital assessment battery that has suc-
cessfully been used in other previous studies [31, 32, 54].
While efforts are being made to digitize previously validated
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Fig. 1 Pre- and post-treatment performance across neurocognitive tests for active tDCS and sham tDCS. Note: Error bars indicate mean (SE).
Boxplots include the IQR with whiskers indicating 1.5 times IQR. Thin lines represent patient-individual changes
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Table 2 Treatment effects on neurocognitive test scores

Cognitive measure Slope active tDCS (95% Slope sham tDCS (95% CI) F (df) )4 Prar Standardized effect size (95%
CI) CI)

Memory span (maximum 0.02 (— 0.63 0.66) 0.20 (— 0.44 0.84) 0.72 (1,73) 0.40 0.80 —0.19 (- 0.75,0.37)
number of correct digits)

Working memory (correct  4.86 (— 9.41, 19.1) 6.68 (— 7.47,20.8) 0.13(1,71) 0.72 0.81 —0.08 (— 0.66, 0.50)
answers in %)

Working memory (reaction -32.8 (— 109, 43.6) —38.4 (- 117 40.2) 0.07 (1,69) 0.79 0.81 0.06 (—0.71, 0.83)
time in ms)

Cognitive speed (number of 10.91 (4.12, 17.7) 5.71 (- 1.19, 12.6) 4.69 (1,73) 0.03 0.18 0.49 (- 0.12, 1.09)
processed items)

Cognitive speed (correct 0.22 (- 2.90, 3.34) 0.68 (— 3.31, 4.66) 1(1,73) 032 0.77 —0.23 (- 1.86,1.4)
items in %)

Selective attention (correct  14.58 (— 3.33, 32.5) 7.83 (— 14.52,30.2) 4.88(1,77) 0.03 0.18 0.50 (- 0.92,1.91)
items in %)

Selective attention (reaction — 16.9 (— 126, 92.7) — 11.5 (- 194, 170.9) 0.08 (1,73) 0.77 0.81 —0.07 (- 1.96, 1.83)
time in ms)

Sustained attention (correct 1.52 (— 19.2, 22.2) —1.34 (- 275,24.8) 0.18 (1,56) 0.67 0.81 0.11 (- 0.87,1.09)
items in %)

Sustained attention (reac- 16.01 (— 75.4, 107) 2.85 (— 155.2, 161) 0.47(1,61) 0.50 0.81 0.172 (- 1.61,1.95)
tion time in ms)

Trail making B (time ins)  —5.69 (—24.6 13.2 —2.54 (- 25.1,20.0) 1.78 (1,75) 0.19 0.76 —0.31 (- 2.12, 1.51)

Tower of Hanoi (number of —4.2 (- 19.7, 11.3) —3.05(-19.6, 13.5) 0.06 (1,74) 0.81 0.81 —0.05(—0.73,0.63)
moves)

Tower of Hanoi (time ins) —29.8 (— 112, 52.9) —44.0 (— 158,70.4) 1.02 (1,74) 032 0.77 0.23 (- 1.31,1.77)

p values computed using Type III analyses of variance with Satterthwaite's method. Slope active tDCS = standardized slope parameter for active
tDCS. Slope sham tDCS = standardized slope parameter for sham tDCS

Table 3 Prediction of changes MADRS

Measure Cognitive tests

Group Cognitive test score Group X cognitive test score

F (df p F (df p F (df) p Pror
Memory span (maximum number of correct digits)  0.12(1,89) 0.74  0.66(1,89) 0.42 0.14 (1, 89) 0.71 0.71 0.001
Working memory (correct answers in %) 0.20(1,88) 0.65 2.66(1,88) 0.11 0.42 (1, 88) 0.52 0.63 0.005
Working memory (reaction time in ms) 1.54 (1,81) 022 3.10(1,64) 0.08 1.43 (1, 81) 0.24  0.63 0.02
Cognitive speed (number of processed items) 0.29(1,89) 059 0.87(1,88) 0.35 0.43 (1, 89) 0.51 0.63 0.005
Cognitive speed (correct items in %) 0.93(1,85) 034 087,85 0.35 0.92 (1, 85) 034  0.63 0.01
Selective attention (correct items in %) 0.32(1,89) 057 3.77(1,88) 0.06 0.47 (1, 89) 049  0.63 0.005
Selective attention (reaction time in ms) 0.40(1,85) 053 042,85 0.52 0.40 (1, 84) 0.53 063 0.005
Sustained attention (correct items in %) 0.66 (1,73) 0.42 0.03(1,75) 0.86 0.62 (1, 74) 043  0.63 0.008
Sustained attention (reaction time in ms) 1.17(1,73) 028 224(1,74) 0.14 1.36 (1, 73) 0.25 0.63 0.02
Trail Making B (time in s) 1.59(1,85) 021 0.80(1,87) 0.37 1.59 (1, 85) 0.21 063 0.02
Tower of Hanoi (number of moves) 0.47(1,88) 049 1.37(1,88) 0.25 0.55 (1, 88) 046 0.63  0.006
Tower of Hanoi (time in s) 0.12(1,87) 0.73 8.32(1,87) 0.005 0.031(1,87) 058 0.63 0.004

p values computed using Type III analyses of variance with Satterthwaite's method. MADRS=M0ntg0mery—/&sberg Depression Rating Scale.
nz =0.01<0.06 (small effect), 0.06 <0.14 (moderate effect) and >0.14 (large effect)

cognitive tests [55, 56], such tools which also reduce docu-

mentation errors [57, 58], are still underused.
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Limitations

First, there is no uniform consensus on what neurocognitive
tests are better used to evaluate the performance in domains
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associated with FPN function. Our battery included some of
the most common tests and slight variations of them. How-
ever, other standardized tests could have a higher sensitiv-
ity and specificity for detecting neuromodulation effects on
cognitive performance [59]. Second, digital tools present
a few caveats such as failure of the equipment, corruption
of data, and loss of information when retrieving the data.
This limited the availability of data in our study. Third, the
evaluation of procognitive effects of tDCS and the poten-
tial predictive effects of baseline cognition on treatment
response were ancillary investigations. Though this data was
well balanced across both conditions, there may be latent
selection biases making the sample not representative for the
whole study population. In addition, the current analysis was
likely underpowered to detect small treatment and prediction
effects. Lastly, all patients were on a stable SSRI medication
for at least 4 weeks prior to inclusion, but not antidepressant-
free. Thus, our conclusions regarding the differential effects
of SSRI medication and tDCS on performance in distinct
neurocognitive domains are limited.

Conclusion

In conclusion, our analysis does not support the notion
that acute treatment with active tDCS compared to sham
tDCS leads to an improvement in FPN-related neurocog-
nitive functions. In addition, neurocognitive functioning at
baseline did not predict the change of MADRS scores over
the course of tDCS. Future research should aim at identify-
ing tDCS protocols with optimal dose—response curves for
effects on specific neurocognitive domains. Most promis-
ing candidates could then be further optimized by adjusting
parameters at an individual patient's level.
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