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Background: Exciting left DLPFC activity with high frequency and inhibiting right

DLPFC with low frequency repetitive transcranial magnetic stimulation (rTMS)

has shown antidepressant effects in major depressive disorder (MDD) and

executive functions. However, few studies have directly compared unilateral

and bilateral protocols.

Methods: Forty-seven individuals with treatment-resistant MDD underwent 10

sessions of rTMS over left DLPFC (20 Hz), bilateral DLPFC (left 20 Hz, right 1 Hz), or

sham stimulation. Outcomes were depression (Beck Depression Inventory-II), visual-

spatialmemory (Corsi Block Test), response inhibition (Go/No-Go task), and cognitive

flexibility (Wisconsin Card Sorting Test) assessed before and after treatment.

Results: Both unilateral and bilateral rTMS significantly reduced depression levels

versus sham controls based on BDI-II scores. While bilateral stimulation did not

improve Corsi Test performance, unilateral protocol enhanced visual-spatial

memory. On the Go/No-Go task, accuracy was higher in both active stimulation

groups compared to sham, with no response time differences. Neither unilateral

nor bilateral rTMS had significant effects on cognitive flexibility per the WCST.

Conclusions: Despite comparable antidepressant effects, unilateral stimulation

had some cognitive advantages over bilateral rTMS, potentially due to greater left

dorsolateral prefrontal cortex excitation. Further research on parameter

optimization is warranted.
KEYWORDS

major depressive disorder, transcranial magnetic stimulation, dorsolateral prefrontal
cortex, cognition, depression, inhibition, memory, cognitive flexibility
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1 Introduction

Major depressive disorder (MDD) is characterized by persistent

low mood, loss of interest, and cognitive and physical symptoms (1).

Converging evidence has revealed abnormalities in several brain

regions linked to emotional and cognitive processing in MDD,

including the dorsolateral prefrontal cortex (DLPFC) (2).

Specifically, hypo-activity in the left DLPFC is consistently found in

MDD and correlates with symptom severity (3, 4). As the DLPFC is

critical for executive functions, left DLPFC hypo-activation likely

contributes to the cognitive deficits frequently observed in MDD (5).

Emerging evidence also indicates hyperactivity in the right DLPFC

in MDD, which has been associated with negative mood and cognitive

impairments (6) (6–9). This suggests bi-hemispheric alterations in

DLPFC function in MDD, with hypo-frontality in the left DLPFC and

hyper-frontality in the right DLPFC. Neuromodulatory techniques like

repetitive transcranial magnetic stimulation (rTMS) allow direct

modulation of cortical activity in targeted regions. High-frequency

(HF) rTMS applied to the left DLPFC has shown antidepressant

efficacy, potentially by correcting left hypo-activity (10, 11). Low-

frequency rTMS over the right DLPFC has been proposed to

potentially reduce hyperactivity in this region and alleviate associated

negative cognitive and affective symptoms in major depressive

disorder, such as impaired executive functioning, rumination, and

persistent negative mood (8, 12, 13). Bilateral protocols incorporating

left HF-rTMS and right low-frequency rTMS may have additive

benefits in MDD by normalizing the bi-hemispheric imbalance (13).

However, most studies have focused on unilateral left stimulation, with

limited direct comparisons of bilateral and unilateral rTMS, especially

on cognition. Elucidating differences between unilateral and bilateral

neuromodulation can provide insights into optimizing protocols (14).

Here, we investigated and compared the effects of unilateral HF-

rTMS over left DLPFC versus bilateral rTMS (left high-frequency

DLPFC and right low-frequency DLPFC stimulation) on depression

severity, visual-spatial memory, response inhibition, and cognitive

flexibility in MDD. We hypothesized bilateral rTMS would enhance

cognition alongwith similar antidepressant efficacy as unilateral protocol.

The primary hypothesis was that bilateral repetitive transcranial

magnetic stimulation (rTMS), combining high-frequency (HF)

stimulation over the left dorsolateral prefrontal cortex (DLPFC)

and low-frequency (LF) stimulation over the right DLPFC, would

enhance cognitive functioning in major depressive disorder (MDD)

patients. Specifically, it was hypothesized that bilateral rTMS would

improve visual-spatial memory performance, response inhibition

accuracy, and cognitive flexibility. Additionally, it was postulated

that bilateral rTMS would demonstrate comparable antidepressant

efficacy to unilateral HF-rTMS over the left DLPFC alone.
2 Materials and methods

2.1 Participants

Sixty right-handed outpatients (43 female and 17 male, age

range 18-53 years) meeting DSM-5 criteria for non-psychotic major

depressive disorder participated in this study. All participants
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underwent a structured clinical interview by psychiatrists. Patients

had failed to respond to at least two antidepressant medications

given in adequate doses. Exclusion criteria included neurological or

neurodevelopmental disorders, history of seizures, serious medical

conditions, substance use disorders, or previous treatment with

TMS. Participants provided written informed consent before

enrollment. This study was conducted according to the guidelines

of the Declaration of Helsinki and was approved by the Ethics

Committee of Tabriz University of Medical Sciences.
2.2 Locating the dorsolateral
prefrontal cortex

The dorsolateral prefrontal cortex (DLPFC) was localized using

the 5-cm rule, one of the most commonly employed methods in

rTMS research and clinical practice (49, 15). Specifically, the

DLPFC site was determined by moving the TMS coil 5 cm

anterior from the motor hotspot for the abductor pollicis brevis

muscle of the contralateral hand. This pragmatic method has

demonstrated reasonable accuracy in targeting the DLPFC

compared to neuronavigational approaches (15, 50). The

recruitment and flow of participants through the trial is

illustrated in Figure 1.
2.3 rTMS protocol

Subjects were randomly allocated to three groups (n=20 per

group) to receive active unilateral rTMS, active bilateral rTMS, or

sham rTMS.

Repetitive TMS was delivered using a figure-eight coil (70 mm

diameter) connected to a Magstim Super Rapid magnetic stimulator

[Magstim Ltd, UK]. The resting motor threshold (RMT) was

determined as the minimum TMS intensity over the left motor

cortex needed to evoke a motor-evoked potential ≥50 mV in the

right abductor pollicis brevis muscle on at least 5 out of 10

trials (16).

In the unilateral protocol, 2,200 pulses were applied at 20 Hz

frequency and 85% RMT intensity over the left dorsolateral

prefrontal cortex (DLPFC). In the bilateral protocol, 1,400 pulses

were delivered to the left DLPFC at 20 Hz frequency and 85% RMT

along with 800 pulses to the right DLPFC at 1 Hz frequency and

110% RMT intensity. For sham stimulation, the coil was angled 90°

off the scalp to direct the magnetic field away from the brain,

mimicking the auditory and sensory experience of active rTMS

without actual cortical stimulation. The TMS course consisted of 10

sessions conducted on weekdays over 2 weeks. Clinical evaluations

and cognitive testing were performed at baseline before the first

TMS session and again after the final session by examiners blinded

to the stimulation protocol.

While most clinical trials investigating rTMS for depression

employ 20-30 sessions, our study utilized a 10-session protocol

based on evidence suggesting that a shorter course of high-

frequency rTMS over the left DLPFC can be effective in

alleviating depressive symptoms (51, 52). Furthermore, cognitive
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https://doi.org/10.3389/fpsyt.2024.1400414
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Asgharian Asl et al. 10.3389/fpsyt.2024.1400414
effects of rTMS have been observed after as few as 10 sessions in

some studies (17, 18). The decision to use a 10-session protocol was

also influenced by practical considerations, such as patient burden

and resource limitations, common in clinical settings.
2.4 Beck depression inventory-II

The levels of depression were assessed before and after rTMS

intervention using the Beck Depression Inventory-II (BDI-II). The

scoring, categorized from 1 to 6, denoted the range from minimal to

maximal depression. Based on the score classifications, scores

between 0-10 were considered normal (1), 11-16 indicated mild

depression (2), 17-20 suggested the need for consultation with a

psychiatrist (3), 21-30 signified moderate depression (4), 31-40

indicated severe depression (5), and scores exceeding 40

represented extremely severe depression (6).
2.5 Go/No-Go task

The Go/No-Go Task (GNGT) was administered using the

Psychology Experiment Building Language (PEBL) software. The

task consisted of two parts, each with an equal number of “go” and

“no-go” trials (1:1 ratio), with 100 trials per part (50 “go” trials and

50 “no-go” trials presented in a randomized order). Visual stimuli

(letters P and R) were displayed on the screen for 500 milliseconds,

with an inter-stimulus interval of 1000 milliseconds. In the first

part, participants had to press the spacebar as quickly and

accurately as possible when they saw the letter P appear on

screen, but not press anything when the letter R appeared. In the

second part, they had to press the spacebar for R but not for P.

Participants were instructed to respond as quickly and accurately as

possible by pressing the spacebar for “go” trials and withholding

their response for “no-go” trials. The main measures were accuracy,

errors made, and how fast they responded (response time). This

tested their ability to respond or inhibit a response depending on

the stimulus.
2.6 Wisconsin card sorting test

The Wisconsin Card Sorting Test (WCST) computerized

version from the PEBL battery was used to evaluate cognitive

flexibility (19). For this task, four stimulus cards are presented

varying on three dimensions (color, shape, number of items). The

participant is then given a stack of response cards and asked to

match each one to one of the stimulus cards. After each match, the

participant receives feedback indicating whether they matched

correctly based on the current sorting rule. However, the sorting

rule unpredictably changes after 10 correct matches, requiring the

participant to use the feedback to identify the new sorting principle.

The test ends after six categories are completed or all 128 cards are

used. The main outcome measures are categories completed,

perseverative errors (persisting with the old rule), and failure to
Frontiers in Psychiatry 03
maintain the set (errors after learning a new rule). Better cognitive

flexibility is reflected by more categories completed and fewer

perseverative and failure to maintain set errors.
2.7 Corsi block-tapping test

Visual-spatial memory was assessed using the Corsi Block-

Tapping Test from the PEBL battery. On this task, participants

must reproduce sequences of blocks that light up on the screen in

varying spans. The outcome was the memory span, reflecting

temporary visual-spatial storage capacity. Performance on this

task involves actively manipulating visuospatial representations,

tapping the hypothesized ‘visual-spatial sketchpad’ component of

working memory proposed by Baddeley and Hitch (20). Thus, this

test provides a measure of the short-term maintenance of visual and

spatial information.
2.8 Statistical analysis

The information was processed through both descriptive and

inferential statistics. To summarize the study variables, descriptive

statistics employed frequency, mean, and standard deviation. In the

case of inferential statistics, given the study’s design, analysis of

covariance (ANCOVA and MANCOVA) was used to compare the

outcome measures between the active and sham groups.

Additionally, paired t-tests were carried out to evaluate changes

within each group from baseline to post-treatment.

All data were input into SPSS software version 25 for analysis,

and the significance level was set at p ≤ 0.05 for hypothesis testing.

In cases where statistically significant differences were observed

between groups, Bonferroni post-hoc tests were conducted. To

assess the normality of data distribution, the Kolmogorov–

Smirnov test was utilized. Due to unequal variances, a weighted

least-squares method was applied for the BDI-II and GNGT scores.
3 Results

The original participant sample included 60 individuals who

underwent pre-testing. However, 13 subjects dropped out for

reasons including post-test non-completion or unwillingness to

continue. The final analyzed sample comprised 47 in three groups

including unilateral stimulation (n=15; mean age 36.12 ± 9.45

years), bilateral stimulation (n=15; mean age 35.58 ± 10.22 years),

and sham stimulation control (n=17; mean age 34.50 ± 9.50 years).

The groups did not significantly differ in age (p >.05). Baseline

ANOVA tests found no significant between-group differences in

depression severity (BDI-II), visual-spatial memory (CBT),

response inhibition (GNGT), or cognitive flexibility (WCST)

performance. The comparative effects of unilateral and bilateral

DLPFC rTMS on depression severity, visual-spatial memory,

response inhibition, and cognitive flexibility in Major Depressive

Disorder are presented in Figure 2.
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3.1 Beck depression inventory

The mean BDI-II scores at pre- and post-intervention are

displayed in Table 1. ANCOVA showed a significant effect of

group (F(2,23) =10.241, P<0.05, h2 = .406) (Table 2). Post-hoc tests

indicated significantly decreased BDI-II scores after unilateral and

bilateral rTMS compared to sham controls (Table 3). Furthermore,

paired t-tests revealed significant pre-post differences in BDI-II

scores for the unilateral group and the bilateral group but not the

sham group (Table 4).
3.2 Corsi block-tapping test

The mean scores on the Corsi Block-Tapping Test (CBT) are

displayed in Table 5. ANCOVA results revealed no significant

differences between the groups on the CBT (P>0.05) (Table 6).

However, paired t-tests indicated that while bilateral stimulation

did not lead to a significant effect (p>0.05), unilateral stimulation

resulted in significant improvement (p<0.05) (Table 7).
3.3 Go/No-Go task

The GNGT mean scores are presented in Table 8. The

MANCOVA results indicated no significant differences between

the groups on response time measures in the response inhibition

task (p>0.05) (Table 9). However, significant differences were

observed between the groups for number of correct responses

(F(2,28) =7.741, P<0.05, h2 = .356). Follow-up Bonferroni tests were

conducted to determine which specific groups differed (Table 10).

The findings showed no significant differences in Go/No-Go

response times between any of the groups. However, the number of

correct responses significantly differed between the control group

and the unilateral group, as well as between the control group and

the bilateral group. Adjusted mean values for the number of correct

responses were significantly higher in both the unilateral and

bilateral stimulation groups compared to controls. This suggests

that rTMS over the DLPFC enhanced response inhibition accuracy

regardless of whether a unilateral or bilateral protocol was utilized.

No effects on response speed were found.

As shown in the paired t-test table, the p-value for the number

of correct responses is less than 0.05 for both the unilateral and

bilateral protocol groups. This indicates that these protocols led to a

statistically significant difference in post-test scores compared to
Frontiers in Psychiatry 04
pre-test scores on the measure of number of correct responses in

these groups (Table 11).
3.4 Wisconsin card sorting test

WCST performance is shown in Table 12. The MANCOVA test

results showed that there is no statistically significant difference

between the two groups in any of the cognitive flexibility

subcomponents (p > 0.05) (Table 13). Additionally, paired t-tests

showed the p-value obtained for all subscales was greater than 0.05

(Table 14). This indicates that neither of the two stimulation

protocols led to significant differences in post-test scores

compared to pre-test on any of these measures in either group.
4 Discussion

In the present study, we compared the effects of left unilateral

versus bilateral rTMS over the DLPFC on depression severity,

response inhibition, and cognitive flexibility in MDD patients.

As the DLPFC is critical for executive functions, left DLPFC

hypoactivation likely contributes to the cognitive deficits frequently

observed in this disorder (21).

Neuromodulatory techniques like repetitive transcranial

magnetic stimulation (rTMS) allow direct modulation of cortical

excitability and hold promise in ameliorating MDD symptoms (22).

This method uses a magnetic field to stimulate nerve cells in

targeted brain areas. High-frequency (HF) rTMS enhances

cortical excitability and metabolic activity in the stimulated

regions (23).

Given the role of left DLPFC hypofunction in MDD, HF-rTMS

applied to this region has been extensively studied for its

antidepressant effects. A large body of evidence now demonstrates

that HF-rTMS over the left DLPFC has significant antidepressant
TABLE 1 BDI-II scores before and after treatment.

Group Pre-test Post-test

Mean SD. Mean SD.

Unilateral 34.8 6.3 14.2 7.1

Bilateral 33.9 7.2 20.3 12.8

Sham 33.7 13.2 31.9 11.7
SD, Standard Deviation.
TABLE 2 ANCOVA Results for rTMS effect on depression severity (BDI-
II Scores).

Dependent measure SS Df F Sig. h2

BDI-II score Group 1.100 2
10.241 .000 .406

Error 1.612 30
f
rontiers
TABLE 3 Bonferroni post-hoc comparisons of post-treatment
depression severity (BDI-II Scores) between groups.

Dependent
measure

Comparison Mean
Difference

Sig.

BDI-II score

Bilateral
vs. Unilateral

.107 .823

Sham
vs. Unilateral

.419 .000

Sham vs. Bilateral .312 .008
The mean difference represents the difference in adjusted post-treatment BDI-II scores
between groups.
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efficacy in MDD, likely by correcting the baseline dysfunction of

this area (24, 25). Alongside mood improvements, HF-rTMS could

also potentially enhance cognition by modulating left DLPFC

activity (17).

While most studies have focused on left DLPFC stimulation,

emerging insights into the bilateral nature of prefrontal cortex

changes in MDD have prompted interest in bilateral modulation

(26). A few studies applying bilateral rTMS over left and right

DLPFC have shown positive mood effects in treatment-resistant

MDD (26, 27).

However, very few studies have directly compared the

antidepressant and cognitive impact of bilateral vs unilateral HF-

rTMS protocols. Elucidating the differences can help determine the

optimal stimulation approach to address the mood and cognitive

deficits in MDD. In the present study, we compared the effects of

left unilateral versus bilateral rTMS over the DLPFC on depression

severity, response inhibition, and cognitive flexibility in MDD

patients. We hypothesized bilateral stimulation would improve

executive functioning along with similar antidepressant efficacy as

unilateral protocol.

Our study found that both unilateral and bilateral rTMS led to

significant reductions in depression levels based on BDI-II scores,

with no significant differences between the protocols. This indicates

comparable antidepressant effects for uni- and bilateral stimulation,

consistent with some prior studies (28, 29). The mood

improvements likely arise from modulating left DLPFC activity, a

key region implicated in MDD pathophysiology (30).

For visual-spatial memory, while bilateral rTMS did not

increase Corsi span, unilateral stimulation elicited significant

gains from pre- to post-treatment. Although there are other

findings regarding the effect of stimulating the right DLPFC on

visuospatial functions, this likely arises from the role of the left

DLPFC in manipulating visuospatial representations (31, 32). The

unilateral protocol directly targeted this region compared to the

bilateral approach. Furthermore, additional posterior brain areas

like the parietal cortex contribute to visual-spatial memory (33).

For response inhibition, accuracy on the Go/No-Go task

improved following both unilateral and bilateral rTMS. The
Frontiers in Psychiatry 05
DLPFC is involved in inhibitory control (34), so the increased left

DLPFC activation from unilateral stimulation likely improved this

executive function. The bilateral protocol applied high-frequency

stimulation to the left DLPFC and low-frequency stimulation to the

right DLPFC. This approach is based on the hypothesis that such a

protocol could potentially normalize hemispheric imbalances in

prefrontal cortex activity that may contribute to cognitive

dysfunction in depression (35).

In their framework, Schutter & van Honk propose that high-

frequency rTMS over the left DLPFC could enhance activity in this

hypoactive region, while low-frequency rTMS over the right DLPFC

could reduce hyperactivity. They suggest this bi-hemispheric

modulation might help restore prefrontal balance and

improve symptoms.

Several studies have suggested that while high-frequency rTMS

over the left DLPFC can enhance cognitive functioning, low-

frequency (1 Hz) rTMS over the right DLPFC may impair certain

cognitive domains (17, 36). The rationale behind our bilateral

protocol was to potentially normalize prefrontal asymmetry by

upregulating the hypoactive left DLPFC and downregulating the

hyperactive right DLPFC in MDD. However, inhibiting right

DLPFC activity with low-frequency rTMS could have

counteracted some of the cognitive benefits provided by high-

frequency left DLPFC stimulation.

Indeed, while both unilateral and bilateral rTMS improved

response inhibition accuracy on the Go/No-Go task compared to

sham, only the unilateral protocol enhanced visuospatial memory

performance on the Corsi Block-Tapping Test. This suggests that

the addition of right DLPFC inhibition may have negated

visuospatial memory improvements in the bilateral group. The

lack of significant effects on cognitive flexibility, as measured by

the Wisconsin Card Sorting Test, could also be related to the

inhibitory right DLPFC stimulation component.

Previous work has implicated the right DLPFC in various

cognitive processes, including working memory, attention, and

cognitive control (17, 37). Therefore, suppressing activity in this

region with low-frequency rTMS may disrupt these functions.

Future studies are needed to clarify the specific cognitive
TABLE 4 Results of paired-sample t-test of rTMS effect on BDI-II scores.

Group Pre-test Post-test t Sig.

Mean SD. Mean SD.

Unilateral 4.5 .798 1.75 0.866 9.869 .000

Bilateral 4.33 .888 2.42 1.621 3.838 .003
TABLE 5 Corsi block-tapping test scores before and after treatment.

Group Pre-test Post-test

Mean SD. Mean SD.

Unilateral 4.000 1.224 4.250 1.453

Bilateral 4.125 1.110 4.583 1.221

Sham 4.000 1.022 3.875 1.025
TABLE 6 ANCOVA Results for rTMS effect on corsi block-tapping
test scores.

Dependent
measure

SS Df F Sig. h2

Corsi score Group .556 2 1.228 .321 .141

Error 3.458 15
f
rontiers
TABLE 7 Paired t-test results for rTMS effect on corsi block-tapping test
scores before and after treatment.

Group Pre-test Post-test T Sig.

Mean SD. Mean SD.

Unilateral 4.000 1.2247 4.250 1.4538 -2.303 .042

Bilateral 4.125 1.1104 4.583 1.2216 -1.318 .214
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consequences of inhibiting the right DLPFC and delineate the

optimal parameters for bilateral rTMS protocols in depression.

Approaches that modulate the right DLPFC in a more focal or

patterned manner may be preferential.

However, neither protocol significantly impacted cognitive

flexibility based on the Wisconsin Card Sorting Test performance.

While some studies show rTMS-induced flexibility (38), others

report no effects (39), likely because multiple regions beyond just

DLPFC contribute to cognitive flexibility (40, 41).
Frontiers in Psychiatry 06
5 Limitations

The study had a relatively small sample size and also lacked

comprehensive demographic and clinical data, which are caveats to

the interpretation and generalizability of our findings. A longer

treatment duration with follow-up assessments could better

elucidate the therapeutic effects. Given the need to consider

individual differences in brain function when hypothesizing the

effects of the two protocols, and the inability to simply explain

depression as a static phenomenon based solely on the function of

select brain regions or their causal relationships, we initially sought

to assess and analyze neurophysiological components like brain

waves and vital signs before and after the interventions. However,

due to the unreliability of the data obtained through these methods

because of technical issues with the equipment, we were forced to

exclude them.

Our study did not directly measure changes in prefrontal cortex

activity or hemispheric balance. Therefore, while our bilateral

protocol was designed based on this theoretical framework, we

cannot conclude that it normalized our participants’ hemispheric

imbalances. Future studies combining rTMS with neuroimaging
TABLE 8 Go/No-Go task performance scores before and
after treatment.

Variable Group Pre-test Post-test

Mean SD. Mean SD.

Total correct

Unilateral 305 11.537 312.83 4.489

Bilateral 306.67 6.857 312.75 5.119

Sham 303.33 8.659 303.42 8.533

Response time-
Go-round1-P

Unilateral 623.986 120.829 592.573 73.015

Bilateral 582.651 62.031 606.502 79.619

Sham 560.003 66.95 544.1328 81.25

Response time-
NoGo-round1-R

Unilateral 409.0705 147.943 399.0978 129.02

Bilateral 478.8708 65.389 472.0623 183.412

Sham 362.5862 172.881 401.0477 132.692

Response time-
NoGo-round2-P

Unilateral 221.7821 236.231 331.0973 273.68

Bilateral 527.4303 454.023 399.5333 440.017

Sham 289.6944 259.555 291.345 269.964

Response time-
Go-round2-R

Unilateral 645.3955 79.445 621.0592 58.058

Bilateral 653.5988 52.464 648.9295 61.958

Sham 629.654 68.168 626.5393 81.881
TABLE 9 MANCOVA results for rTMS Effect on Go/No-Go
task performance.

Variable Df F Sig. h2

Total correct
Group 2

7.741 .002 .356
Error 28

Response time- Go-round1-P
Group 2

3.184 .056 .180
Error 29

Response time- NoGo-
round1-R

Group 2
.380 .6870 .026

Error 29

Response time- NoGo-
round2-P

Group 2
.466 .632 .031

Error 29

Response time- Go-round2-R Group 2
.532 .5930 .035

Error 29
TABLE 10 Bonferroni post-hoc comparisons of Go/No-Go task
performance between groups.

Variable Comparison
Mean

Difference
Sig.

Total correct

Bilateral
vs. Unilateral

.002 1.000

Sham
vs. Unilateral

.011 .003

Sham vs. Bilateral .009 .013

Response time-
Go-round1-P

Bilateral
vs. Unilateral

.037 .148

Sham
vs. Unilateral

.002 1.000

Sham vs. Bilateral .039 .110

Response time-
NoGo-round1-R

Bilateral
vs. Unilateral

.119 1.000

Sham
vs. Unilateral

.115 1.000

Sham vs. Bilateral .223 1.000

Response time-
NoGo-round2-P

Bilateral
vs. Unilateral

.584 1.000

Sham
vs. Unilateral

.527 1.000

Sham vs. Bilateral .057 1.000

Response time-
Go-round2-R

Bilateral
vs. Unilateral

.009 1.000

Sham
vs. Unilateral

.008 1.000

Sham vs. Bilateral .017 .942
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techniques could provide direct evidence of whether bilateral

stimulation alters prefrontal cortex activity patterns in this way.

One of the key limitations of this study is the exclusion of

participants who did not complete the secondary assessments from

the analysis, despite being actual clinical patients. This per-protocol

analysis approach could potentially introduce attrition bias and

limit the generalizability of the findings. The intention-to-treat

(ITT) principle, which analyzes all randomized participants in
Frontiers in Psychiatry 07
their assigned treatment groups regardless of adherence or

completion, is generally recommended for clinical trials (42).

By not adhering to the ITT principle, our study may have

overestimated the treatment effects or underestimated the potential

for adverse events or dropout rates associated with the rTMS

protocols (43). Future studies should employ ITT analysis, using

appropriate methods for handling missing data, such as multiple

imputation or mixed-effects models, to provide a more robust and

unbiased assessment of the efficacy and tolerability of unilateral

versus bilateral rTMS approaches (43).

Another limitation of this study is the lack of comprehensive

reporting and analysis of demographic and clinical variables beyond

age. Factors such as sex, education level, employment status, marital

status, baseline depression severity, duration of current depressive

episode, number of previous episodes, treatment resistance (defined
TABLE 11 Paired t-test results for rTMS Effect on Go/No-Go
task performance.

Variable Group T Sig.

Total correct Unilateral -2.603 .025

Bilateral -2.723 .020

Response time- Go-round1-P Unilateral 1.534 .153

Bilateral -1.471 .169

Response time- NoGo-round1-R Unilateral .465 .651

Bilateral .147 .886

Response time- NoGo-round2-P Unilateral -.974 .351

Bilateral .652 .528

Response time- Go-round2-R Unilateral 1.258 .234

Bilateral .334 .745
TABLE 12 Wisconsin card sorting test (WCST) scores before and
after treatment.

Variable Group Pre-test Post-test

Mean SD. Mean SD.

Categories
Completed/Experienced

Unilateral .6768 .101 .7596 .055

Bilateral .5850 .293 .7336 .113

Sham .7167 .097 .7592 .063

Correct Responses

Unilateral 40.33 10.360 45.65 8.026

Bilateral 39.17 13.065 43.83 11.013

Sham 41.50 8.296 42.25 5.643

Total Errors

Unilateral 23.67 10.360 18.33 8.026

Bilateral 24.75 13.065 21.25 11.013

Sham 22.50 8.296 21.50 5.643

Perseverative Errors

Unilateral 10.17 5.024 9.75 3.545

Bilateral 8.67 5.466 7.08 3.397

Sham 14.50 4.812 12.58 6.259

Non-Perseverative Errors

Unilateral 15 13.443 8.58 5.017

Bilateral 16.50 16.528 13.33 11.484

Sham 8.50 4.890 8.17 5.024

Conceptual
Level Responses

Unilateral 32.50 13.748 39.58 10.983

Bilateral 29.83 16.629 36.17 16.163

Sham 32.83 11.456 38.17 13.341
TABLE 13 Results of MANCOVA analysis of rTMS effect on WCST scores.

Variable df F Sig. h2

Categories
Completed/Experienced

Group 2
.159 .854 .012

Error 27

Correct Responses
Group 2

.400 .674 .029
Error 27

Total Errors
Group 2

.505 .609 .036
Error 27

Perseverative Errors
Group 2

1.730 .796 .114
Error 27

Non-Perseverative Errors
Group 2

.366 .697 .026
Error 27

Conceptual Level Responses
Group 2

.160 .984 .001
Error 27
frontie
TABLE 14 Results of paired-sample t-test of rTMS effect on
WCST scores.

Varible Group t Sig.

Categories
Completed/Experienced

Unilateral -2.064 .063

Bilateral -1.847 .092

Correct Responses
Unilateral -1.967 .075

Bilateral -1.375 .197

Total Errors
Unilateral 1.967 .075

Bilateral .960 .358

Errors Perseverative
Unilateral .422 .681

Bilateral 1.003 .337

Errors Non-Perseverative
Unilateral 1.635 .130

Bilateral .878 .399

Conceptual Level Responses
Unilateral -1.820 .096

Bilateral -1.247 .238
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as failure of adequate trials of multiple antidepressant medications),

concomitant psychotropic medications, and medical comorbidities

could all potentially impact the response to rTMS interventions (15).

Ideally, these variables should have been reported, and their

potential influence on the primary and secondary outcomes should
Frontiers in Psychiatry 08
have been statistically assessed to ensure that the treatment groups

were well-balanced at baseline. If significant differences existed,

these variables could have been included as covariates in the

analyses. The lack of comprehensive demographic and clinical

characterization limits the interpretability and generalizability of

our findings.

Future studies should carefully record and report these relevant

variables and conduct appropriate statistical analyses to account for

potential confounding factors. This would not only enhance the

internal validity of the study but also facilitate the identification of

potential moderators or predictors of treatment response, which

could inform the personalization of rTMS protocols (15)Another

limitation of this study is the use of the BDI-II as the primary

depression outcome measure, rather than clinician-administered

scales like the HDRS or MADRS, which are considered gold

standards by regulatory agencies.

Side effects such as headaches, dizziness, and spasms in the

facial muscles, albeit very mild and transient, existed in both the

dropout participants and the other subjects, but did not have a

particular impact on the individuals’ motivation to continue or

leave the study, especially since the possibility of these transient side

effects had been explained to them before the start of the

interventions. The subjects who withdrew from the trial, did not
FIGURE 1

Consolidated Standards of Reporting Trials (CONSORT) flow chart
for trial recruitment.
FIGURE 2

Comparative Effects of Unilateral and Bilateral DLPFC rTMS on Depression Severity, Visual-Spatial Memory, Response Inhibition, and Cognitive
Flexibility in Major Depressive Disorder”.
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respond to telephone follow-ups and no information is available

about them, or those who were available did not state these side

effects as the reason for discontinuing the interventions.

It is acknowledged that the observed differences between

unilateral and bilateral stimulation may have been influenced by

low statistical power. The relatively small sample size (n=15 per

active treatment group) could have resulted in insufficient

power to detect subtle differences between protocols ,

particularly for cognitive measures. While significant effects

were observed in some domains, such as visual-spatial

memory improvements in the unilateral group, it is possible

that other real differences remained undetected due to limited

statistical power.
6 Future Directions

Future studies could further explore optimal rTMS protocols

and parameters, such as combining rTMS with cognitive training to

potentially enhance cognitive benefits (18). Additionally, an

integrative, multidimensional approach could provide insights

into depression mechanisms based on objective measures across

units of analysis, including cognitive/behavioral functions, brain

activity, genetics, and neurochemistry [RDoC framework] (44).

The unilateral protocol’s partial superiority over bilateral

stimulation on some outcomes may relate to greater left DLPFC

excitation and less right DLPFC inhibition from fewer inhibitory

pulses. The dose-response relationship between left DLPFC pulses

and effects could be examined further. Elucidating the contribution

of right DLPFC inhibition in bilateral protocols represents another

area for future research. Overall, comparisons of unilateral versus

bilateral rTMS can help optimize protocols for managing

depression’s neuropsychiatric burden.

While the BDI-II is a valid and reliable measure of depression

severity (53), future studies may benefit from including both self-

report and clinician-administered scales to provide a more

comprehensive assessment of depressive symptoms (54) and to

align more closely with regulatory recommendations. This

approach would allow for a more robust evaluation of treatment

effects, as seen in recent rTMS studies (45).

Another potential limitation of this study lies in the partial

complexity of our statistical approach. While we believe our use of

ANCOVA and MANCOVA was justified given the nature of our

data and research questions, we acknowledge that simpler

statistical methods, such as repeated measures ANOVA or

analysis of change scores, might have provided more easily

interpretable results. The choice between these methods involves

trade-offs between statistical power, control of confounds, and

ease of interpretation (46–48).

It is suggested that future studies employ larger sample sizes to

enhance statistical power and more definitively compare the efficacy

of unilateral versus bilateral rTMS protocols. Such an approach

would allow for more robust detection of potential differences in

both clinical and cognitive outcomes.
Frontiers in Psychiatry 09
Data availability statement

The raw data supporting the conclusions of this article will bemade

available by the authors, by request and without undue reservation.
Ethics statement

The studies involving humans were approved by Dr.

Mohammad Hossein Somi Director of University/Regional

Research Ethics Committee,Tabriz University of Medical Sciences

and Dr. Mohammad Samiei Secretary of University/Regional

Research Ethics Committee,Tabriz University of Medical Sciences

(Approval ID: IR.TBZMED.REC.1398.1248). The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

FA: Conceptualization, Investigation, Software, Methodology,

Project administration, Resources, Supervision, Validation,

Visualization, Data curation, Formal analysis, Writing – original

draft, Writing – review & editing. SA: Conceptualization,

Investigation, Software, Methodology, Project administration,

Resources, Supervision, Validation, Visualization, Data curation,

Formal analysis, Writing – original draft, Writing – review & editing.

HD: Data curation, Formal analysis, Visualization, Software, Writing –

original draft. LV: Conceptualization, Investigation, Methodology,

Supervision, Writing – review & editing. AA: Data curation, Formal

analysis, Visualization, Software, Writing – original draft.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1400414
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Asgharian Asl et al. 10.3389/fpsyt.2024.1400414
References
1. American Psychiatric Association, D. S. M. T. F. & and American Psychiatric
Association, D. S. (2013). Diagnostic and statistical manual of mental disorders: DSM-5
(Vol. 5, No. 5). Washington, DC: American psychiatric association. doi: 10.1176/
appi.books.9780890425596

2. Baxter LR Jr., Schwartz JM, Phelps ME, Mazziotta JC, Guze BH, Selin CE, et al.
Reduction of prefrontal cortex glucose metabolism common to three types of
depres s ion . Arch Gen Psychia t ry . (1989) 46 :243–50. do i : 10 .1001/
archpsyc.1989.01810030049007

3. George MS, Nahas Z, Molloy M, Speer AM, Oliver NC, Li XB, et al. A controlled
trial of daily left prefrontal cortex TMS for treating depression. Biol Psychiatry. (2000)
48:962–70. doi: 10.1016/s0006-3223(00)01048-9

4. Davidson RJ, Shackman AJ, Maxwell JS. Asymmetries in face and brain related to
emotion. Trends Cogn Sci. (2004) 8:389–91. doi: 10.1016/j.tics.2004.07.006

5. Wang L, LaBar KS, Smoski M, Rosenthal MZ, Dolcos F, Lynch TR, et al.
Prefrontal mechanisms for executive control over emotional distraction are altered
in major depression. Psychiatry Res . (2008) 163:143–55. doi: 10.1016/
j.pscychresns.2007.10.004

6. Goodyer IM, Herbert J, Tamplin A, Altham PM. First-episode major depression
in adolescents. Affective, cognitive and endocrine characteristics of risk status and
predictors of onset. Br J Psychiatry. (2000) 176:142–9. doi: 10.1192/bjp.176.2.142

7. Drevets WC. Functional anatomical abnormalities in limbic and prefrontal
cortical structures in major depression. Prog Brain Res. (2000) 126:413–31.
doi: 10.1016/s0079-6123(00)26027-5

8. Grimm S, Beck J, Schuepbach D, Hell D, Boesiger P, Bermpohl F, et al. Imbalance
between left and right dorsolateral prefrontal cortex in major depression is linked to
negative emotional judgment: an fMRI study in severe major depressive disorder. Biol
Psychiatry. (2008) 63:369–76. doi: 10.1016/j.biopsych.2007.05.033

9. Pellicciari MC, Cordone S, Marzano C, Bignotti S, Gazzoli A, Miniussi C, et al.
Dorsolateral prefrontal transcranial magnetic stimulation in patients with major
depression locally affects alpha power of REM sleep. Front Hum Neurosci. (2013)
7:433. doi: 10.3389/fnhum.2013.00433

10. Wassermann EM, Lisanby SH. Therapeutic application of repetitive transcranial
magnetic stimulation: a review. Clin Neurophysiol. (2001) 112:1367–77. doi: 10.1016/
s1388-2457(01)00585-5

11. Asgharian Asl F, Vaghef L. The effectiveness of high-frequency left DLPFC-
rTMS on depression, response inhibition, and cognitive flexibility in female subjects
with major depressive disorder. J Psychiatr Res. (2022) 149:287–92. doi: 10.1016/
j.jpsychires.2022.01.025

12. Koenigs M, Grafman J. The functional neuroanatomy of depression: distinct
roles for ventromedial and dorsolateral prefrontal cortex. Behav Brain Res. (2009)
201:239–43. doi: 10.1016/j.bbr.2009.03.004

13. Janicak PG, Dokucu ME. Transcranial magnetic stimulation for the treatment of
major depression. Neuropsychiatr Dis Treat. (2015) 11:1549–60. doi: 10.2147/
ndt.S67477

14. Reithler J, Peters JC, Sack AT. Multimodal transcranial magnetic stimulation:
using concurrent neuroimaging to reveal the neural network dynamics of noninvasive
brain stimulation. Prog Neurobiol. (2011) 94:149–65. doi: 10.1016/j.pneurobio.
2011.04.004

15. Mir-Moghtadaei A, Caballero R, Fried P, Fox MD, Lee K, Giacobbe P, et al.
Concordance between beamF3 and MRI-neuronavigated target sites for repetitive
transcranial magnetic stimulation of the left dorsolateral prefrontal cortex. Brain
Stimul. (2015) 8:965–73. doi: 10.1016/j.brs.2015.05.008

16. Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, et al. Non-
invasive electrical and magnetic stimulation of the brain, spinal cord, roots and
peripheral nerves: Basic principles and procedures for routine clinical and research
application. An updated report from an I.F.C.N. Committee. Clin Neurophysiol. (2015)
126:1071–107. doi: 10.1016/j.clinph.2015.02.001

17. Guse B, Falkai P, Wobrock T. Cognitive effects of high-frequency repetitive
transcranial magnetic stimulation: a systematic review. J Neural Transm (Vienna).
(2010) 117:105–22. doi: 10.1007/s00702-009-0333-7

18. Brunoni AR, Vanderhasselt MA. Working memory improvement with non-
invasive brain stimulation of the dorsolateral prefrontal cortex: a systematic review and
meta-analysis. Brain Cognit. (2014) 86:1–9. doi: 10.1016/j.bandc.2014.01.008

19. Bowden SC, Fowler KS, Bell RC, Whelan G, Clifford CC, Ritter AJ, et al. The
reliability and internal validity of the wisconsin card sorting test. Neuropsychol Rehabil.
(1998) 8:243–54. doi: 10.1080/713755573

20. Chai WJ, Abd Hamid AI, Abdullah JM. Working memory from the
psychological and neurosciences perspectives: A review. Front Psychol. (2018) 9:401.
doi: 10.3389/fpsyg.2018.00401

21. Snyder HR. Major depressive disorder is associated with broad impairments on
neuropsychological measures of executive function: a meta-analysis and review. Psychol
Bull. (2013) 139:81–132. doi: 10.1037/a0028727

22. Schlaepfer TE, Kosel M, Nemeroff CB. Efficacy of repetitive transcranial
magnetic stimulation (rTMS) in the treatment of affective disorders.
Neuropsychopharmacology. (2003) 28:201–5. doi: 10.1038/sj.npp.1300038
Frontiers in Psychiatry 10
23. Du J, Yang F, Hu J, Hu J, Xu Q, Cong N, et al. Effects of high- and low-frequency
repetitive transcranial magnetic stimulation on motor recovery in early stroke patients:
Evidence from a randomized controlled trial with clinical, neurophysiological and functional
imaging assessments. NeuroImage Clin. (2019) 21:101620. doi: 10.1016/j.nicl.2018.101620

24. Berlim MT, van den Eynde F, Tovar-Perdomo S, Daskalakis ZJ. Response,
remission and drop-out rates following high-frequency repetitive transcranial magnetic
stimulation (rTMS) for treating major depression: a systematic review and meta-
analysis of randomized, double-blind and sham-controlled trials. Psychol Med. (2014)
44:225–39. doi: 10.1017/s0033291713000512

25. Philip NS, Dunner DL, Dowd SM, Aaronson ST, Brock DG, Carpenter LL, et al.
Can medication free, treatment-resistant, depressed patients who initially respond to
TMS be maintained off medications? A prospective, 12-month multisite randomized
pilot study. Brain Stimul. (2016) 9:251–7. doi: 10.1016/j.brs.2015.11.007

26. Pallanti S, Bernardi S, Di Rollo A, Antonini S, Quercioli L. Unilateral low
frequency versus sequential bilateral repetitive transcranial magnetic stimulation: is
simpler better for treatment of resistant depression? Neuroscience. (2010) 167:323–8.
doi: 10.1016/j.neuroscience.2010.01.063

27. Noda Y, Silverstein WK, Barr MS, Vila-Rodriguez F, Downar J, Rajji TK, et al.
Neurobiological mechanisms of repetitive transcranial magnetic stimulation of the
dorsolateral prefrontal cortex in depression: a systematic review. Psychol Med. (2015)
45:3411–32. doi: 10.1017/s0033291715001609

28. Loo CK, Mitchell PB, Croker VM, Malhi GS, Wen W, Gandevia SC, et al.
Double-blind controlled investigation of bilateral prefrontal transcranial magnetic
stimulation for the treatment of resistant major depression. Psychol Med. (2003)
33:33–40. doi: 10.1017/s0033291702006839

29. Garcia-Toro M, Salva J, Daumal J, Andres J, Romera M, Lafau O, et al. High (20-
Hz) and low (1-Hz) frequency transcranial magnetic stimulation as adjuvant treatment
in medication-resistant depression. Psychiatry Res. (2006) 146:53–7. doi: 10.1016/
j.pscychresns.2004.08.005

30. Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ. A meta-analytic study of
changes in brain activation in depression. Hum Brain Mapp. (2008) 29:683–95.
doi: 10.1002/hbm.20426

31. Barbey AK, KoenigsM, Grafman J. Dorsolateral prefrontal contributions to human
working memory. Cortex. (2013) 49:1195–205. doi: 10.1016/j.cortex.2012.05.022

32. Jin Z, Xie K, Ni X, Jin DG, Zhang J, Li L. Transcranial magnetic stimulation over
the right dorsolateral prefrontal cortex modulates visuospatial distractor suppression.
Eur J Neurosci. (2021) 53:3394–403. doi: 10.1111/ejn.15164

33. Xu Y. The posterior parietal cortex in adaptive visual processing. Trends
Neurosci. (2018) 41:806–22. doi: 10.1016/j.tins.2018.07.012

34. Liddle PF, Kiehl KA, Smith AM. Event-related fMRI study of response
inhibition. Hum Brain Mapp. (2001) 12:100–9. doi: 10.1002/1097-0193(200102)
12:2<100::aid-hbm1007>3.0.co;2-6

35. Schutter DJ, van Honk J. A framework for targeting alternative brain regions
with repetitive transcranial magnetic stimulation in the treatment of depression.
J Psychiatry Neurosci. (2005) 30:91–7. Available online at: https://pubmed.ncbi.nlm.
nih.gov/15798784/.

36. Lage C, Wiles K, Shergill SS, Tracy DK. A systematic review of the effects of low-
frequency repetitive transcranial magnetic stimulation on cognition. J Neural Transm.
(2016) 123:1479–90. doi: 10.1007/s00702-016-1592-8

37. Tseng HJ, Lu CF, Jeng JS, Cheng CM, Chu JW, ChenMH, et al. Frontal asymmetry
as a core feature of major depression: a functional near-infrared spectroscopy study. J
Psychiatry Neurosci. (2022) 47:E186–e193. doi: 10.1503/jpn.210131

38. Vanderhasselt MA, De Raedt R, Baeken C, Leyman L, D’Haenen H. A single
session of rTMS over the left dorsolateral prefrontal cortex influences attentional
control in depressed patients. World J Biol Psychiatry. (2009) 10:34–42. doi: 10.1080/
15622970701816514

39. Guse B, Falkai P, Gruber O, Whalley H, Gibson L, Hasan A, et al. The effect of
long-term high frequency repetitive transcranial magnetic stimulation on working
memory in schizophrenia and healthy controls–a randomized placebo-controlled,
double-blind fMRI study. Behav Brain Res. (2013) 237:300–7. doi: 10.1016/
j.bbr.2012.09.034

40. Barbey AK, Colom R, Solomon J, Krueger F, Forbes C, Grafman J. An integrative
architecture for general intelligence and executive function revealed by lesion mapping.
Brain. (2012) 135:1154–64. doi: 10.1093/brain/aws021

41. Cieslik EC, Zilles K, Caspers S, Roski C, Kellermann TS, Jakobs O, et al. Is there
“one” DLPFC in cognitive action control? Evidence for heterogeneity from co-activation-
based parcellation. Cereb Cortex. (2013) 23:2677–89. doi: 10.1093/cercor/bhs256

42. Gupta SK. Intention-to-treat concept: A review. Perspect Clin Res. (2011) 2:109–
12. doi: 10.4103/2229-3485.83221

43. Toerien M, Brookes ST, Metcalfe C, de Salis I, Tomlin Z, Peters TJ, et al. A review
of reporting of participant recruitment and retention in RCTs in six major journals.
Trials. (2009) 10:52. doi: 10.1186/1745-6215-10-52

44. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research
domain criteria (RDoC): toward a new classification framework for research on mental
disorders. Am J Psychiatry. (2010) 167:748–51. doi: 10.1176/appi.ajp.2010.09091379
frontiersin.org

https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1001/archpsyc.1989.01810030049007
https://doi.org/10.1001/archpsyc.1989.01810030049007
https://doi.org/10.1016/s0006-3223(00)01048-9
https://doi.org/10.1016/j.tics.2004.07.006
https://doi.org/10.1016/j.pscychresns.2007.10.004
https://doi.org/10.1016/j.pscychresns.2007.10.004
https://doi.org/10.1192/bjp.176.2.142
https://doi.org/10.1016/s0079-6123(00)26027-5
https://doi.org/10.1016/j.biopsych.2007.05.033
https://doi.org/10.3389/fnhum.2013.00433
https://doi.org/10.1016/s1388-2457(01)00585-5
https://doi.org/10.1016/s1388-2457(01)00585-5
https://doi.org/10.1016/j.jpsychires.2022.01.025
https://doi.org/10.1016/j.jpsychires.2022.01.025
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.2147/ndt.S67477
https://doi.org/10.2147/ndt.S67477
https://doi.org/10.1016/j.pneurobio.2011.04.004
https://doi.org/10.1016/j.pneurobio.2011.04.004
https://doi.org/10.1016/j.brs.2015.05.008
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1007/s00702-009-0333-7
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.1080/713755573
https://doi.org/10.3389/fpsyg.2018.00401
https://doi.org/10.1037/a0028727
https://doi.org/10.1038/sj.npp.1300038
https://doi.org/10.1016/j.nicl.2018.101620
https://doi.org/10.1017/s0033291713000512
https://doi.org/10.1016/j.brs.2015.11.007
https://doi.org/10.1016/j.neuroscience.2010.01.063
https://doi.org/10.1017/s0033291715001609
https://doi.org/10.1017/s0033291702006839
https://doi.org/10.1016/j.pscychresns.2004.08.005
https://doi.org/10.1016/j.pscychresns.2004.08.005
https://doi.org/10.1002/hbm.20426
https://doi.org/10.1016/j.cortex.2012.05.022
https://doi.org/10.1111/ejn.15164
https://doi.org/10.1016/j.tins.2018.07.012
https://doi.org/10.1002/1097-0193(200102)12:2%3C100::aid-hbm1007%3E3.0.co;2-6
https://doi.org/10.1002/1097-0193(200102)12:2%3C100::aid-hbm1007%3E3.0.co;2-6
https://pubmed.ncbi.nlm.nih.gov/15798784/
https://pubmed.ncbi.nlm.nih.gov/15798784/
https://doi.org/10.1007/s00702-016-1592-8
https://doi.org/10.1503/jpn.210131
https://doi.org/10.1080/15622970701816514
https://doi.org/10.1080/15622970701816514
https://doi.org/10.1016/j.bbr.2012.09.034
https://doi.org/10.1016/j.bbr.2012.09.034
https://doi.org/10.1093/brain/aws021
https://doi.org/10.1093/cercor/bhs256
https://doi.org/10.4103/2229-3485.83221
https://doi.org/10.1186/1745-6215-10-52
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.3389/fpsyt.2024.1400414
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Asgharian Asl et al. 10.3389/fpsyt.2024.1400414
45. Brunoni AR, Chaimani A, Moffa AH, Razza LB, Gattaz WF, Daskalakis ZJ, et al.
Repetitive transcranial magnetic stimulation for the acute treatment of major
depressive episodes: a systematic review with network meta-analysis. JAMA
Psychiatry. (2017) 74:143–52. doi: 10.1001/jamapsychiatry.2016.3644

46. Vickers AJ, Altman DG. Statistics notes: Analysing controlled trials with
baseline and follow up measurements. Bmj. (2001) 323:1123–4. doi: 10.1136/
bmj.323.7321.1123

47. Van Breukelen GJ. ANCOVA versus change from baseline: more power in
randomized studies, more bias in nonrandomized studies [corrected]. J Clin Epidemiol.
(2006) 59:920–5. doi: 10.1016/j.jclinepi.2006.02.007

48. Harlow LL, Duerr SR. Multivariate analysis of variance. In: Teo T, editor.
Handbook of quantitative methods for educational research. SensePublishers (2013). p.
123–43. doi: 10.1007/978-94-6209-404-8_6

49. Beam W, Borckardt JJ, Reeves ST, George MS. An efficient and accurate new
method for locating the F3 position for prefrontal TMS applications. Brain Stimul.
(2009) 2(1):50–4. doi: 10.1016/j.brs.2008.09.006
Frontiers in Psychiatry 11
50. Trapp NT, Pace DB, Neisewander B, Ten Eyck P, Boes AD. A randomized trial
comparing beam F3 and 5.5 cm targeting in rTMS treatment of depression demonstrates
similar effectiveness. Brain Stimul. (2023) 16(5):1392–400. doi: 10.1016/j.brs.2023.09.006

51. Desmyter S, Duprat R, Baeken C, Van Autreve S, Audenaert K, van Heeringen K.
Accelerated intermittent theta burst stimulation for suicide risk in therapy-resistant
depressed patients: a randomized, sham-controlled trial. Front Hum Neurosci. (2016)
10:480. doi: 10.3389/fnhum.2016.00480

52. Rachid F. Maintenance repetitive transcranial magnetic stimulation (rTMS) for
relapse prevention in with depression: A review. Psychiatry Res. (2018) 262:363–72.
doi: 10.1016/j.psychres.2017.09.009

53. Wang YP, Gorenstein C. Psychometric properties of the Beck Depression
Inventory-II: a comprehensive review. Braz J Psychiatry. (2013) 35(4):416–31.
doi: 10.1590/1516-4446-2012-1048

54. Uher R, Farmer A, Maier W, Rietschel M, Hauser J, Marusic A, et al. Measuring
depression: comparison and integration of three scales in the GENDEP study. Psychol
Med. (2008) 38(2):289–300. doi: 10.1017/S0033291707001730
frontiersin.org

https://doi.org/10.1001/jamapsychiatry.2016.3644
https://doi.org/10.1136/bmj.323.7321.1123
https://doi.org/10.1136/bmj.323.7321.1123
https://doi.org/10.1016/j.jclinepi.2006.02.007
https://doi.org/10.1007/978-94-6209-404-8_6
https://doi.org/10.1016/j.brs.2008.09.006
https://doi.org/10.1016/j.brs.2023.09.006
https://doi.org/10.3389/fnhum.2016.00480
https://doi.org/10.1016/j.psychres.2017.09.009
https://doi.org/10.1590/1516-4446-2012-1048
https://doi.org/10.1017/S0033291707001730
https://doi.org/10.3389/fpsyt.2024.1400414
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Unilateral vs. bilateral DLPFC rTMS: comparative effects on depression, visual-spatial memory, inhibitory control and cognitive flexibility in major depressive disorder
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Locating the dorsolateral prefrontal cortex
	2.3 rTMS protocol
	2.4 Beck depression inventory-II
	2.5 Go/No-Go task
	2.6 Wisconsin card sorting test
	2.7 Corsi block-tapping test
	2.8 Statistical analysis

	3 Results
	3.1 Beck depression inventory
	3.2 Corsi block-tapping test
	3.3 Go/No-Go task
	3.4 Wisconsin card sorting test

	4 Discussion
	5 Limitations
	6 Future Directions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


