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Abstract (243 words)

Background: Cognitive dysfunction is a persistent residual symptom in major depressive disorders

(MDDs) that hinders social and occupational recovery. Cognitive inflexibility is a typical cognitive

dysfunction in MDD and refers to difficulty in switching tasks, which requires two subcomponents:

forgetting an old task and adapting to a new one. Here, we aimed to disentangle the subcomponents

of cognitive inflexibility in MDD and investigate whether they can be improved by transcranial direct

current stimulation (tDCS) on the prefrontal cortex.

Methods: The current study included 20 patients with MDD (7 females) and 22 age-matched healthy

controls (HCs) (7 females). The participants received anodal tDCS on either the dorsomedial

prefrontal cortex (DMPFC) or dorsolateral prefrontal cortex (DLPFC) in a crossover design. Before

and after the application of tDCS, the participants performed a modified Wisconsin Card Sorting Test,

in which the task-switching rules were explicitly described and proactive interference from a previous

task rule was occasionally released.

Results: We found that the behavioral cost of a task switch was increased in patients with MDD, but

that of proactive interference was comparable between patients with MDD and HCs. The response

time for anodal DMPFC tDCS was decreased compared with that for anodal tDCS on the DLPFC in

MDD.

Conclusions: These findings suggest that cognitive inflexibility in MDD is primarily explained by the



difficulty to adapt to a new task and environment, and that tDCS on the DMPFC improves behavioral

performance during cognitively demanding tasks that require conflict resolution.

Keywords: Task-switching, Dorsolateral prefrontal cortex, Dorsomedial prefrontal cortex, Cognitive

control, Wisconsin Card Sorting Task

Trial registration: This study was registered to UMIN-CTR (https://www.umin.ac.jp/ctr/; registration

Nr. UMIN000015046).



Introduction

Major depressive disorder (MDD) is a psychiatric disorder that not only involves a severe personal

psychological burden, but also impairs social and professional functionality'. Therefore, it has broad

social and economic impacts. Patients with MDD manifest a variety of symptoms, such as depressive

mood, anxiety, decreased motivation, sleep disturbance, and cognitive dysfunction. Among these

symptoms, cognitive dysfunction, such as impaired concentration and executive function, has been

overlooked in treatment strategies for MDD. In recent years, the remission of cognitive dysfunction

has been recognized as an important treatment goal’, as recent studies have revealed that cognitive

dysfunction in MDD persists after the remission of depressive symptoms® and impairs social and

vocational reintegration after recovery®.

Antidepressants are the first-line treatment for MDD, but their effectiveness in treating cognitive

dysfunction remains relatively poor’. Vortioxetine is the only agent known to be effective in treating

cognitive dysfunction®, but the magnitude of improvement is still only slight’. Therefore, it is

important to search other treatment strategies to target cognitive dysfunction.

Noninvasive brain stimulation (NBS) methods such as transcranial magnetic stimulation (TMS)

and transcranial direct current stimulation (tDCS) have been shown to be effective for treating MDD?,

tDCS applies a weak direct electronic current to cortical areas to modulate the membrane potentials

of cortical neurons using simple and inexpensive devices’. While tDCS on the dorsolateral prefrontal



cortex (DLPFC) has moderate antidepressant efficacy'?, little evidence is available in regardto treating

cognitive dysfunction using NBS, including tDCS. The results of tDCS studies targeting cognitive

dysfunction have been mixed and controversial, as each study employed a different montage of tDCS

electrodes and targeted different cognitive symptoms>!'!!2, In a recent meta-analysis, tDCS on the

DLPFC was shown to be beneficial for improving working memory and processing speed in MDD'3;

one study examined whether DLPFC tDCS improved the capability to resolve cognitive conflicts in

MDD as measured by the Stroop task, but did not improve behavioral performance!?.

Most previous studies on treating MDD with TMS and tDCS have targeted the DLPFC as the

stimulation site, while several others have targeted the dorsomedial prefrontal cortex (DMPFC) !3-16,

While the effectiveness of DMPFC repetitive TMS (rTMS) in treating depressive symptoms is not

well established!> '®, one study reported that DMPFC stimulation exhibited better improvement of

depressive symptoms than did DLPFC stimulation!”. In addition, the DMPFC, including the rostral

anterior cingulate, is anatomically connected with the orbitofrontal prefrontal cortex, DLPFC, ventral

striatum, and amygdala, and is involved in higher cognitive function, especially cognitive flexibility

and emotion regulations's: '8

. Therefore, DMPFC stimulation could help improve cognitive
dysfunction, especially cognitive flexibility, in MDD.

In the present study, we examined the impact of tDCS on cognitive dysfunction in MDD. More

specifically, to examine cognitive flexibility, we employed a task-switching paradigm. Task-switching



involves switching among two or more tasks, and requires cognitive flexibility to switch effectively

from one task to another!®. It is known that behavioral response takes more time and becomes less

accurate immediately after a switch from an old task to a new one. This behavioral cost, a slower and

less accurate response, is referred to as the task-switch cost, which is increased in MDD?: 202!, Task-

switching can be fractionated into two major cognitive processes!'?: the first is configuring a process

to conduct a new task, and the second is erasing a process to conduct an old task. When the latter

process is not effectively activated, the residual processes of the execution of a previous task interfere

with the execution of a new one; this is referred to as proactive interference or task-set inertia.

The aim of the present study was twofold. First, we aimed to disentangle the impaired components

of task-switching in MDD. To this end, we employed a modified Wisconsin Card Sorting Test

(mWCST), in which the task-switching rules are explicitly described and proactive interference is

occasionally released*?. Second, we aimed to examine the impact of DMPFC tDCS on cognitive

dysfunction compared with left DLPFC tDCS. We applied single-session tDCS on either the DMPFC

or left DLPFC using a crossover design. As a primary outcome, we analyzed whether disorder or the

stimulation site would affect response times on the mWCST. As a secondary outcome, we analyzed

whether medication and the severity of MDD would affect response times on the mWCST.

Methods



Participants

We recruited 24 healthy controls (HCs) (7 females) and 20 patients with MDD (7 females) diagnosed

based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition. Parts of this study

focusing on the analysis of electroencephalogram (EEG) data have been described elsewhere?®. Before

the study began, two HCs withdrew consent, and were therefore excluded. All participants had at least

12 years of education and had been diagnosed by experienced psychiatrists (> 10 years). We also

measured 17 items on the 17-item Hamilton Depression Rating Scale (HAMD17) 2 to assess the

severity of depressive symptoms. We excluded patients with a history of dementia, schizophrenia,

substance dependence, epilepsy, or head trauma. All patients with MDD who participated in the

present study were followed by the outpatient clinic of Kansai Medical University, and 15 of 20

received medication. We included only outpatients, as we considered the cognitive demand of the task

to be too high for patients with severe depressive symptoms. No changes were made in drug

prescriptions or dosages during the study period. No HCs had a history of psychiatric disorders.

Written informed consent was obtained from all participants in accordance with the Declaration of

Helsinki. Participants were recruited from September 2014 to April 2017. The study protocol was

approved by the Institutional Ethics Review Committee of Kansai Medical University (B8[% fiig KAN-

I-RIN 1406-1).



Timeline

We adopted a between-subjects crossover design (Figure 1). The order of stimulation was

counterbalanced. Each participant was randomly assigned to receive either left DLPFC or DMPFC

tDCS in the first session. In the second session, the participants received tDCS on the other site. An

interval of at least 1 week was provided between the two tDCS sessions. For each session, the

participant performed a pre-tDCS mWCST, received tDCS, and then performed a post-tDCS mWCST.

Transcranial Direct Current Stimulation (tDCS)

We administered tDCS using a battery-driven stimulator (DC Stimulator Plus; NeuroConn, [lmenau,

Germany). The electrical current was applied at 1 mA via electrically conductive rubber electrodes

(20 cm?, circular in shape) attached with an adhesive conductive EEG paste. Anodal stimulation was

administered over the DMPFC (AFz, 10-10 EEG international electrode placement) or the left DLPFC

(F5, 10-10 EEG international electrode placement) with the cathodal electrode placed on the left

shoulder to minimize the effects of cathodal stimulation on the brain. Direct current was administered

for 20 min during the resting state.

Modified Wisconsin Card Sorting Test (mWCST)

We employed an mWCST originally used in a previous study??, and simplified it to our cohort. More



specifically, we reduced four possible target cards to three (Figure 2). To implement the task program,

we used the Cogent Toolbox (http://www.vislab.ucl.ac.uk/cogent _2000.php; RRID:SCR_015672) in

MATLAB version 2014a (MathWorks, Natick, MA, USA). The participants were presented with four

cards. A cue card was presented at the bottom center, and three response cards were presented above,

to the right or left side of the cue card. For each card, geometric figures that varied according to three

perceptual dimensions (color, form, or number) were depicted. At the middle of the screen, the current

rule (color, form, or number) was presented. The participants were required to select a response card

that matched the cue card according to the rule. Each block consisted of four to six trials, and then

moved to a new block, either switching to a new rule or repeating the previous one. When switching

to a new task rule, one wrong response card matched the cue card according to the previous rule. We

intended to cause proactive interference from the previous rule. There were two different task-switch

blocks: one was a standard task-switch block, and the other included a trial released from proactive

interference (RPI trial), in which none of the response cards matched the cue card according to the

previous rule in the third trial after the rule switch (Figure 2). All participants practiced the mWCST

before starting the experiments.

Statistical Analysis

We used R software (https://www.r-project.org/) for the statistical analysis. We used the psych package



for descriptive statistics?> and the Ime4?¢ and ImerTest?*’ packages for linear mixed-effect modeling

(LMM). As a primary outcome measure, we constructed an LMM including the following fixed

effects: group (MDD or HC), tDCS site (DLPFC or DMPFC), switch type (Switch: switch or repeat),

RPI trial, session order (day 1 or day 2), first trial of a block (1stTr), trials after the second trial of a

block, task-switch cost (Switch x 1stTr: interaction between the first trial and switch type and change

in response time (RT) for the first trial of switch blocks compared with the other blocks), interaction

effects of group with tDCS site (MDD x DLPFC or DMPFC), RPI trial (RPI x MDD), or task-switch

cost (MDD x Switch x 1stTr), interaction effects of tDCS with RPI trial (DLPFC or DMPFC x RPI)

or task-switch cost (Switch x 1stTr x DLPFC or DMPFC), and interaction effects of tDCS and group

with RPI trial (MDD x DLPFC or DMPFC x RPI) or task-switch cost (MDD x DLPFC or DMPFC

x Switch x 1stTr). We included participants and trial numbers as random effects. For the accuracy

analysis, we counted premature responses (< 250 ms) as errors. For the response time analysis, we

excluded trials with a premature response (<250 ms) or a prolonged response (> 4500 ms) as outliers,

as well as error trials. As secondary outcome measures, we also examined the effects of

benzodiazepines (BDZ) and the severity of depressive symptoms using only data from the MDD group.

Here, we used the model described above, but excluded all fixed effects, including group, and added

HAMD17 scores and BDZ use.



Results

The demographics of the study participants are listed in Table 1. No significant differences in age or

gender were found between the MDD and HC groups. The MDD group showed significantly higher

HAMDI17 scores than the HC group (MDD group: 14.5 £ 5.1, HC group: 0.4 + 0.7, U = 440, p <

0.001).

Next, we analyzed the effects of tDCS, group, task-switch cost, and proactive interference on

accuracy and response times using an LMM (Tables 2, 3). We first looked at task-switch cost,

characterized by an increased number of errors and slower responses in the first trial after switching

to a new task rule, modeled as the interaction effect between the first trial of a block and switch type

in the mixed-effect models (Switch x 1stTr). We found a significant interaction effect between the

first trial of a block and switch type (Switch x 1stTr: accuracy model, beta=-0.740, p = 0.0005; RT

model, beta =26.94, p =0.0205) and confirmed the task-switch cost when switching rules during the

mWCST. We also found a significant interaction effect between the task-switch cost and group (MDD

x Switch x 1stTr) in the RT model only (accuracy model, beta = 0.18507, p = 0.62; RT model, beta

=42.59, p = 0.031), indicating that the MDD group exhibited a larger task-switch cost than did the

HC group. Next, we examined the response in RPI trials. In the present mWCST, there is one response

card, which is wrong in the current task rule, but correct in the previous task rule before switching to

the current rule. This card could interfere with the selection of a correct card, and it results in slower



and less accurate responses. We call this phenomena proactive interference, interference from the

previous task rule. In RPI trials, there is no such interfering wrong response card. Therefore, the

participants were free from proactive interference. We confirmed significant improvements in

accuracy and response time in RPI trials (accuracy model, beta=0.630, p =0.0007; RT model, beta =

—26.46, p=0.0030), indicating that behavioral performance was improved in the absence of proactive

interference. However, no significant difference was observed between the MDD and HC groups

(accuracy model, beta = 0.408, p = 0.25; RT model, beta = -2.50, p = 0.86). We also examined

perseverative errors, which refer to an erroneous response based on the current rule, but a correct

response according to the previous rule. The number of perseverative errors was not significantly

different between the MDD and HC groups (MDD: mean = 13.3, SE =2.93; HC: mean = 11.77, SE =

1.98; t= 0.43, p=0.66).

Concerning the effects of tDCS, we found a reduction in response times after DLPFC and DMPFC

stimulation (DLPFC: beta = —143.53, p < 0.00001; DMPFC: beta = —151.94, p < 0.00001), but

accuracy was decreased only after DLPFC tDCS (DLPFC: beta =—0.392, p < 0.0001; DMPFC: beta

= —0.123, p = 0.149). We observed a trade-off between response speed and accuracy after DLPFC

tDCS. We also found a session order effect in response time (beta=-155.74, p <0.00001), suggesting

that general learning effects cannot be excluded. We also confirmed a significant interaction of group

with DLPFC or DMPFC stimulation in response time (MDD x DLPFC or DMPFC) (DLPFC: beta



= -27.30, p = 0.0027; DMPFC: beta = —63.65, p < 0.00001). In addition, the interaction effect of

DMPEFC stimulation was significantly larger than that of DLPFC stimulation in the MDD group (p =

0.00017), indicating that response time reduction after DMPFC tDCS was larger than DLPFC tDCS

in MDD. These results suggest that DMPFC tDCS on the MDD helps conflict resolution in the

mWCST. By contrast, for the accuracy model with the HC and MDD groups, we found a significant

interaction of group only with DLPFC (MDD x DLPFC or DMPFC) (DLPFC: beta = 0.316, p =

0.045; DMPFC: beta = 0.222, p= 0.19) (Table 2); no significant effect was found with DLPFC tDCS

in the accuracy model only with MDD (Table 4). These results indicate that decreased accuracy after

DLPFC tDCS was minimal in the MDD group.

We also found significant interaction effects between DLPFC stimulation and task-switch cost

(DLPFC x Switch x 1stTr) (beta =59.34, p = 0.017) and between DLPFC stimulation and RPT trial

(DLPFC x RPI) (beta = —46.67, p = 0.013) in the RT model, indicating that DLPFC stimulation

increased the task-switch cost and facilitated responses under no proactive interference.

Finally, we examined the influence of the severity of depressive symptoms and BDZ use on

response times using an LMM. For the accuracy model, we found significant main effects of HAMD17

score (beta = 0.053, p = 0.029), but no significant main effect of BDZ use (beta = —0.023, p = 0.94)

(Table 4). For the RT model, we did not find any significant main effects of HAMD17 score and BDZ

use (HAMDI17: beta =—1.565, p= 0.55; BDZ: beta =177, p =0.14) (Table 5).



Discussion

The present study investigated cognitive dysfunction, focusing particularly on cognitive flexibility in

MDD. We employed mWCST to disentangle the task-switch cost and proactive interference, and

measured response times while applying tDCS to the DMPFC and DLPFC. At the baseline pre-

stimulation level, we found a significantly larger task-switch cost, slower responses, in the MDD than

in the HC group, but no difference in proactive interference between groups. We also found that the

reduction in response times after tDCS was significantly larger in the MDD than in the HC group, and

that the reduction in response times after DMPFC tDCS was larger than that after DLPFC tDCS in the

MDD group. However, DLPFC tDCS was associated with more errors in both the HC and MDD

groups. Moreover, we found that DLPFC tDCS increased the task-switch cost, whereas it quickened

response times in the absence of proactive interference. Regarding the secondary outcomes, we found

that the severity of MDD symptoms was associated with more accurate responses, whereas BDZ use

did not affect accuracy, and neither BDZ use nor the severity of MDD symptoms affected response

times.

Humans adaptively select optimal actions according to environmental demands and flexibly

change their actions when the environments change. Such adaptive behavior is impaired in many

psychiatric disorders, including MDD. Previous research using task-switching paradigms has revealed



that cognitive flexibility is impaired in MDD?* 2°:21-28Studies on task-switching components have

shown that efficient task-switching requires not only configuring new task execution processes, but

also erasing old task execution processes. The present study aimed to elucidate the detailed

psychopathology of cognitive flexibility in MDD by disentangling proactive interference and task-

switch costs. We found larger task-switch costs in MDD, but no difference in proactive interference,

indicating that the dysfunction of cognitive flexibility in MDD can mainly be explained by the

difficulty in adapting to new tasks or environments. Furthermore, the results of the perseverative error

analysis revealed no differences between HC and MDD, less supporting the rumination account due

to perseveration. This finding is consistent with those of clinical observations reporting that relocation

or promotion triggers the onset of MDD?°. However, this is in contrast to a widely accepted belief that

rumination is associated with MDD’ 3!, Rumination is negative self-referential process that

reverberates and consolidates negative ideas2. Increased task-switch costsin MDD would account for

rumination as behavioral perseverance in an old state; however, the present results suggest that

rumination could occur as a result of difficultly in shifting to new thoughts or perspectives. In fact, a

recent review on psychotherapy for MDD and anxiety disorders found that shifting from repetitive

negative thought is effective to prevent and improve depressive symptoms?>. Our findings could

provide conceptual support for psychotherapy targeting rumination and repetitive negative thoughts.

In the present study, as secondary outcomes, we found that the severity of MDD symptoms was



positively correlated with accuracy. One possible reason for this is that error-related signals are larger

in MDD*#*? and more severe patients responded more carefully to avoid error-related signals. By

contrast, we found no significant impact of BDZ use or the severity of MDD symptoms on response

times or accuracy. Previous studies have shown that BDZ use generally decreases performance on

many cognitive tasks®® and attenuates tDCS-induced cortical excitability*®. BDZ use has also been

reported on the lower tDCS treatment effects on MDD?. In the present study, BDZ use appeared to

prolong response times, but not significantly, owing to the large variance (confidence interval of the

estimate: 60.58-294.5). This is probably because BDZ prescriptions are highly heterogeneous across

participants, dosages, timing, and target symptoms, such as anxiety and/or insomnia. Future studies

are needed to elucidate how BDZ use modifies the effects of tDCS on cognitive flexibility in MDD.

Concerning the tDCS effect, tDCS on either DLPFC or DMPFC improved response times in both

groups, and the improvement was greater in MDD. However, the design of the present study did not

include a sham condition, and response times were shorter on the second experimental day regardless

of the stimulation site. Therefore, we presume that general learning effects would significantly

contribute to a reduced response time after tDCS. However, in the present study, we employed a

crossover design, and the order of the tDCS sites was counterbalanced across the participants. The

difference in the tDCS effect between DMPFC and DLPFC can be simply explained by the tDCS

intervention. Indeed, we observed additional reductions in overall response times after DMPFC tDCS



compared with DLPFC tDCS in the MDD group; however, we did not observe a DMPFC tDCS effect

on task-switch cost. Interestingly, this difference between DLPFC and DMPFC tDCS was not

observed in HCs. Therefore, DMPFC tDCS effects in MDD cannot be simply explained by the

learning effect. Instead, DMPFC tDCS in MDD improved the cognitive process to select a correct

card among conflicting options, that is, conflict resolution. Recent research has shown that rTMS on

the DMPFC improves not only overall depressive symptoms, but also cognitive flexibility, attention,

and processing speed*®. By introducing carefully designed mWCST, our study revealed that DMPFC

tDCS improves the capability to resolve cognitive conflicts in MDD, but does not improve cognitive

flexibility.

In addition, the MDD group showed an additional reduction in response times after tDCS

compared with the HC group. These results indicate that the effects of tDCS on response times are

larger in patients with MDD than in HCs. Indeed, cognitive functions in many domains are impaired

in MDD, especially dysfunctions of cognitive flexibility*: 2% 2!3%, In line with previous findings, the

MDD group showed slower responses, but this difference was not significant, which implies that the

MDD group may have more capacity to improve response times.

In contrast to DMPFC tDCS, DLPFC tDCS in HC decreased response accuracy and task-switch

cost, slowing response after switching a rule, whereas it improved response times, especially in RPI

trials. These results suggest that DLPFC tDCS prioritizes speed by sacrificing accuracy in HC. By



contrast, DLPFCtDCS in MDD did not affect response accuracy or task-switch cost, while it improved

response time, especially in RPI trials. These results suggest that DLPFC tDCS improved response

speed of no conflicting trials without sacrificing response accuracy in MDD. In the present study, we

applied single-session tDCS on the prefrontal cortex to study whether prefrontal tDCS could improve

cognitive dysfunction. We assumed that the effect of single-session tDCS would not last more than

the day of intervention, and that the states of depressive symptoms would be comparable between

sessions. To confirm a comparable baseline between the two sessions, we performed two-way analysis

of variance (time x tDCS order) for the HAMD17 total score as well as each item of the HAMDI17;

the results revealed no significant main effect of time or significant interaction effect between time

and tDCS order (p > 0.05). Therefore, we consider that the tDCS intervention in the present study

affected the participants only immediately after application.

Regarding the current intensity of tDCS, we used 1 mA with 20 cm? of the anodal stimulation

electrode. The effect of tDCS depends on the current density applied instead of the absolute current

intensity*’. Our protocol corresponds to 1.75 mA of tDCS with a standard 35 cm? electrode. Recent

studies have tended to use a higher current intensity of tDCS, occasionally even more than 2 mA.

Therefore, we might achieve larger intervention effects with a higher current intensity.

Neurobiological accounts for the complex pattern of DLPFC tDCS effects in the present study

can be explained as follows. First, DLPFC tDCS can facilitate responses without cognitive conflicts.



This is consistent with previous studies showing that activation in the DLPFC is associated with faster

and more accurate responses in various cognitive tasks*'*#?. By contrast, mWCST requires resolution

of cognitive conflict to select an accurate response. There are two modes of conflict resolution. One

mechanism is proactive control, where the DLPFC amplifies neural representation relevant to a

behavioral goal in advance*’. The other is reactive control, where the left DLPFC reactively activates

when irrelevant neural representation is not efficiently suppressed**. In HC, DLPFC tDCS may

saturate the DLPFC capacity for reactive control, and as a result, reduce the response accuracy. By

contrast, DLPFC tDCS in MDD did not saturate that capacity, as the baseline activity of the left

DLPFC was decreased in MDD*. Another possible mechanism can be explained through the

subcortical circuit. Task-switching processes are not simply achieved through the cortical areas;

subcortical structures contribute substantially to these processes*®. In particular, in a previous study, a

lesion in the basal ganglia increased the error rate only in the presence of proactive interference*’. In

addition, noninvasive stimulation on the DLPFC is known to increase the release of dopamine in the

basal ganglia. More recent research has shown that the task-switch cost was increased when tyrosine,

a source of dopamine synthesis, was depleted, but was ameliorated by DLPFC tDCS*®. For efficient

task performance during demanding tasks, an optimal amount of dopamine needs to be released*”- °.

Therefore, we speculate that during RPI trials without proactive interference, tDCS on the DLPFC

may facilitate responses by activating the DLPFC. By contrast, in the presence of proactive



interference, tDCS on the DLPFC may interfere with the reactive conflict resolution system as well as

the optimal dopamine balance in the basal ganglia.

In summary, tDCS on the prefrontal cortex could be beneficial for improving cognitive

dysfunction in MDD in a distinct manner. DMPFC tDCS in MDD improves conflict resolution, but

without improving cognitive flexibility, such as task-switching, while DLPFC tDCS in MDD improves

response speeds without conflict.

The present study did have some limitations. First, as weidentified the main effect of experimental

days, general learning effects affected the response times. In addition, we did not include a sham

condition, which made it difficult to disentangle the tDCS effects from the learning effects. However,

we still observed a significant difference in tDCS effects on response times between the HC and MDD

groups, and a significant improvement in response times after DMPFC tDCS compared with DLPFC

tDCS in the MDD group. Second, the sample size was relatively small. We set the current sample size

based on previous research, but our results need to be replicated in a larger cohort. Finally, the present

study protocol used a single-session intervention. In the present study, we examined cognitive

inflexibility in MDD through a single-session prefrontal tDCS intervention in a crossover design. As

reviewed in a recent article!®, most previous studies have examined the effects of brain stimulation,

including tDCS, on cognitive dysfunction with a single-session intervention. It is important to study

whether cognitive dysfunction can be improved by a standard protocol of brain stimulation treatment



for MDD.

In future research, it will be important to investigate how cognitive inflexibility is improved

through standard NBS treatment protocols with repeated brain stimulation sessions. Another important

open question is whether tDCS can improve residual persistent cognitive dysfunction after remission

in MDD. Lastly, it is important to explore brain stimulation approaches to facilitate shifting from

repetitive negative thoughts.

Conclusion

The results of the present study suggest that the primary cause of cognitive inflexibility in MDD is

difficulty in adapting to new rules, as opposed to proactive interference from previous rules.

Furthermore, tDCS on the DMPFC improved cognitive conflicts in MDD.
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Figure legends

Figure 1.

mWCST; modified Wisconsin Card Sorting Test, tDCS; transcranial direct stimulation, DMPFC;

dorsomedial prefrontal cortex, DLPFC; dorsolateral prefrontal cortex.

Figure 2.

The participants wererequired to selecta response card that matched the cue card (middle bottom card

in exemplar trials) according to a rule defining a visual feature. “N” and “R” represent a normal and

release trial, respectively. The release trial is implemented only in the third trial of a switch release

block. In the normal trial (left bottom), one response card always has the same visual feature of the

cue card indicated by the previous rule. In this example, the correctresponse card is the right card with

three blue triangles, whereas the top card with two green squares holds the distracting feature from the

previous rule (shape) to create proactive interference. On the other hand, in the release trial (right),

none of response cards has the same visual feature indicated by the previous rule (shape).
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Table 1. Demographic data

MDD (n=20) HC(n=22)

Average (SD) Average (SD) p (t test)

Age (years) 46.5 (14.9) 49.5 (14.9) 0.524

HAMDI17 14.5 (5.1) 0.4 (0.7) <0.001
Duration of morbidity (months) 19.3 (19.3) - -
Episode (times) 2.3(0.9) - -

n n P ()

Sex (female) 7 7 1.00

Benzodiazepine use (yes) 14 - -
Drug therapy (multiple) 15 - -

MDD; major depressive disorder, HC; healthy control, SD; standard deviation,
HAMDI17; 17-item Hamilton Depression Rating Scale.



Table 2. Main outcome: line ar mixed-effe ct model of accuracy

Estimate  Std. Error  #-value  p-value
Fixed Effects
Intercept 4.155 0.116 35.963 <0.001  ***
Main Effects
Group ID (= MDD) —0.087 0.224 —-0.390 0.697
DMPFC tDCS (= DMPFC) —0.124 0.086 —1.443 0.149
DLPFC tDCS (= DLPFC) —-0.392 0.079 —4.965 <0.001  ***
Task-switch block (= Switch) —-0.378 0.084 —4.487 <0.001  ***
Release from proactive interference trial (= RPI) 0.631 0.187 3.370 <0.001  ***
Session order 0.090 0.066 1.360 0.173
Ist trial after task switch (= 1stTr) —-0.073 0.108 —0.672 0.51
3rd or later trials after task switch 0.045 0.089 0.516 0.606
Interaction
Switch x 1stTr (= Task-switch cost) —0.740 0.212 —3.486 <0.001  F**
MDD x DMPFEC 0.222 0.172 1.296 0.195
MDD x DLPFC 0.316 0.158 2.004 <0.05 *
MDD x RPI 0.408 0.359 1.136 0.256
DMPFC x RPI 0.542 0.479 1.131 0.258
DLPFC x RPI 0.382 0.414 0.923 0.356
MDD x Switch x 1stTr (= MDD x Task-switch cost) 0.188 0.384 0.490 0.624



DMPFC x Switch x 1stTr (= DMPFC x Task-switch cost) —-0.296 0.485 —-0.609 0.542

DLPFC x Switch x 1stTr (= DLPFC x Task-switch cost) 0.215 0.445 0.483 0.629
MDD x DMPFC x RPI —0.068 0.963 —0.071 0.944
MDD x DLPFC x RPI 0.844 0.878 0.960 0.337
MDD x DMPFC x Switch x 1stTr (= MDD x DMPFC x Task-switch cost) 0.861 0.967 0.890 0.373
MDD x DLPFC x Switch x 1stTr (= MDD x DLPFC x Task-switch cost) 0.923 0.831 1.111 0.266

MDD; major depressive disorder, Std. Error; standard error, DMPFC; dorsomedial prefrontal cortex, DLPFC; dorsolateral prefrontal
cortex, Switch; task-switch block, RPI; release from proactive interference, 1stTr; Ist trial after task switch, Task-switch cost; task-

switch block and 1st trial after task switch.



Table 3. Main outcome: line ar mixed-effe ct model ofresponse times

Estimate  Std. Error df t-value  p-value
Fixed Effects
Intercept 1151.951  35.775 41.801 32200 <0.001 e
Main Effects
Group ID (MDD) 64.882 70.842 40.001 0.916 0.365
DMPFC tDCS (= DMPFC) —151.945 4.560 44313.769  —-33.321 <0.001 ***
DLPFC tDCS (=DLPFC) —143.533 4.555 44316.947 -31.514 <0.001 ***
Task-switch block (= Switch) 6.976 6.017 3339.626 1.159 0.246
Release from proactive interference trial (= RPI) —26.464 8.923 26941.209 2966 <0.01 ok
Session order —155.744 3.720 44301.846  —41.864 <0.001 ***
Ist trial after task switch (= 1stTr) 206.613 6.420 35402.399 32,182  <0.001  ***
3rd or later trials after task switch 32.867 5.343 35173.638 6.151  <0.00]  ***
Interaction
Switch x 1stTr (= Task-switch cost) 26.944 11.630 20619.380 2.317 <0.05 *
MDD x DMPFC —63.655 9.131 44301.848  —-6.971  <0.01  ***
MDD x DLPFC —27.304 9.114 44301.841  -2.996 <0.01  **
MDD x RPI —-2.509 14.952 44306.059  —0.168 0.867
DMPFC x RPI —24.189 18.908 43456.552  —-1.279  0.201
DLPFC x RPI —46.678 18.958 43164.816  —-2.462  <0.05 *
MDD x Switch x 1stTr (= MDD x Task-switch cost) 42.591 19.825 44307.976 2.148 <0.05 *



DMPFC x Switch x 1stTr (= DMPFC x Task-switch cost) 31.809 24.923 43717.048 1.276 0.202

DLPFC x Switch x 1stTr (= DLPFC x Task-switch cost) 59.341 25.010 43489.951 2.373 <0.05 *
MDD x DMPFC x RPI —10.030  36.665 44308.728  —0.274  0.784
MDD x DLPFC x RPI -33.049  36.604 44306.729  —0.903  0.367

MDD x DMPFC x Switch x 1stTr (= MDD x DMPFC x Task-switch cost) 2.478 48.579 44308.621 0.051 0.959
MDD x DLPFC x Switch x 1stTr (= MDD x DLPFC x Task-switch cost) 19.408 48.566 44305.259 0.400 0.689

MDD; major depressive disorder, Std. Error; standard error, df; degrees of freedom, DMPFC; dorsomedial prefrontal cortex, DLPFC; dorsolateral
prefrontal cortex, Switch; task-switch block, RPI; release from proactive interference, 1stTr; st trial after task switch, Task-switch cost; task-

switch block and 1st trial after task switch.



Table 4. Secondary outcome: linear mixe d-effect model of accuracy with benzodiaze pine use in MDD

Estimate  Std. Error t-value p-value

Fixed Effects

Intercept 4,122 0.144 28.526 <0.001  ***
Main Effects

HAMD17 0.054 0.025 2.176 <0.05 *

Benzodiazepine —-0.024 0.322 —-0.074 0.941

DMPFC tDCS (= DMPFC) —0.012 0.125 —0.096 0.924

DLPFC tDCS (=DLPFC) —-0.223 0.115 —-1.941 0.052

Task-switch block (=Switch) —0.345 0.118 -2.916 <0.01 *x

Release from proactive interference trial (= RPI) 0.872 0.292 2.988 <0.01 *x

Session order 0.065 0.099 0.655 0.512

Ist trial after task switch (= 1stTr) —-0.002 0.152 —-0.015 0.988

3rd or later trials after task switch 0.094 0.125 0.754 0.450
Interaction

Switch x 1stTr (= Task-switch cost) —0.610 0.296 —2.060 <0.05 *

DMPFC x RPI 0.964 0.778 1.239 0.215

DLPFC x RPI 0.832 0.665 1.251 0.211

DMPFC x Switch x 1stTr (= DMPFC x Task-switch cost) —0.258 0.694 —0.372 0.710

DLPFC x Switch x 1stTr (= DLPFC x Task-switch cost) 0.732 0.629 1.165 0.244




MDD; major depressive disorder, Std. Error; standard error, HAMD17; 17-item Hamilton Depression Rating Scale,
DMPFC; dorsomedial prefrontal cortex, DLPFC; dorsolateral prefrontal cortex, Switch; task-switch block, RPI; release from

proactive interference, 1stTr; 1st trial after task switch, Task-switch cost; task-switch block and Ist trial after task switch.



Table 5. Secondary outcome: linear mixe d-effect model of response times with benzodiaze pine use in MDD

Estimate  Std. Error df t-value p-value
Fixed Effects
Intercept 1186.609 50.855 18.378 23.333 <0.001  ***
Main Effects
HAMD17 —1.565 2.661 4435.888 —0.588 0.556
Benzodiazepine 177.539 116.961 18.073 1.518 0.146
DMPFC tDCS (= DMPFC) —185.380 7.071 21000.506  —26.217 <0.001  ***
DLPFC tDCS (= DLPFC) —157.440 7.035 21000.896  —22.380 <0.001  ***
Task-switch block (= Switch) 9.860 8.624 1221.608 1.143 0.253
Release from proactive interference trial (= RPI) -21.867 13.569 9702.122  —1611.000 0.107
Session order —154.270 6.873 15944.068  —22.446 <0.001  ***
Ist trial after task switch (= 1stTr) 210.716 9.865 14067.413 21.360 <0.001  ***
3rd or later trials after task switch 26.340 8.187 14117.360 3.217 <0.01  **
Interaction
Switch x 1stTr (= Task-switch cost) 49.156 17.589 7367.386 2.795 <0.01  **
DMPFC x RPI —25.508 29.266 19955.190 —0.872 0.384
DLPFC x RPI —60.234 29.122 19979.835 —2.068 <0.05 *
DMPFC x Switch x 1stTr (= DMPFC x Task-switch cost) 38.996 38.589 20326.063 1.011 0.312
DLPFC x Switch x 1stTr (= DLPFC x Task-switch cost) 74.763 38.522 20346.506 1.941 0.052




MDD; major depressive disorder, Std. Error; standard error, df; degrees of freedom, HAMD17; 17-item Hamilton Depression Rating
Scale, DMPFC; dorsomedial prefrontal cortex, DLPFC; dorsolateral prefrontal cortex, Switch; task-switch block, RPI; release from

proactive interference, 1stTr; 1st trial after task switch, Task-switch cost; task-switch block and Ist trial after task switch.
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