
Basic and Clinical

745

November & December 2024, Vol 15, No. 6

Research Paper
Bihemispheric tDCS Improves Memory and Alters EEG 
Parameters in Patients With Mild Cognitive Impairment

Soroush Ahmadi Machiani1 , Sajjad Rezaei2 , Alia Saberi3 , Arman Keymoradzadeh1 , Babak Bakhshayesh1 , Kambiz Rohampour1* 

1. Neuroscience Research Center, School of Medicine, Guilan University of Medical Sciences, Rasht, Iran.
2. Department of Psychology, Faculty of Literature and Humanities, University of Guilan, Rasht, Iran.
3. Department of Neurology, Poursina Hospital, Guilan University of Medical Sciences, Rasht,  Iran.

* Corresponding Author: 
Kambiz Rohampour, Associate Professor.
Address: Neuroscience Research Center, School of Medicine, Guilan University of Medical Sciences, Rasht, Iran.
E-mail: rohampour@gmail.com

Introduction: Mild cognitive impairment (MCI) is a transitional state between normal aging 
and dementia. Bihemispheric transcranial direct current stimulation (tDCS) modulates cortical 
excitability and interhemispheric interaction. The dorsolateral prefrontal cortex (DLPFC) is 
involved in executive control and working memory. The present study investigates whether 
stimulating the left DLPFC while suppressing the right DLPFC can influence brain waves and 
cognitive abilities in patients with MCI.

Methods: A total of 36 MCI patients were randomly allocated into active and sham tDCS 
groups. Ten sessions of active or sham tDCS were applied. The anode electrode was placed 
on the left DLPFC (F3) and the cathode on the right (F4). Memory assessment was performed 
using the Wechsler memory scale-revised (WMS-R) before, immediately after, and three 
months after the intervention. Resting-state electroencephalography (EEG) was performed 
before and immediately after tDCS. The absolute and relative powers of different frequency 
bands and the coherence between electrodes were calculated using the NeuroGuide software, 
version 3.2.4.

Results: Active tDCS improved the memory quotient and all WMS-R subscales in MCI 
patients immediately and three months after tDCS application (P<0.01). The absolute power 
of the delta band and the relative power of the delta and theta bands reduced significantly 
(P<0.05). The relative alpha band power and frontotemporal coherence were increased. A 
frontal asymmetry was also detected after active tDCS.

Conclusion: Bihemispheric tDCS of the DLPFC leads to sustained cognitive improvements 
and beneficial changes in brain activity in MCI patients, suggesting its potential as an effective 
therapeutic intervention.
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1. Introduction

ild cognitive impairment (MCI), also 
known as mild neurocognitive disorder, 
is characterized by subjective and objec-
tive cognitive impairment in older indi-
viduals with preserved daily functions 

(Martin et al., 2019). MCI is a transitional state between 
normal aging and dementia. The prevalence of MCI 
in adults older than 60 and the annual rate of progres-
sion to dementia are up to 25.2% and 17%, respectively 
(Jongsiriyanyong & Limpawattana, 2018). Even though 
MCI is a type of cognitive problem that affects people 
who are not yet in a state of dementia, it is nevertheless 
a condition of aging with a likely degenerative etiology 
that is related to the development of Alzheimer disease 
(AD) (Okello et al., 2009). The aging brain might trigger 
compensating cognitive systems. For instance, young 
individuals who are not cognitively impaired but are in 
good health and have trouble with executive tasks exhib-
it overactivation in only one hemisphere of the prefron-
tal cortex (Reuter-Lorenz et al., 2000). Due to the likeli-
hood that older adults have less attentional and working 
memory capacities, this brain reaction may be explained 
by cognitive restructuring in these individuals (Kirova 
et al., 2015). Working memory and attention problems 
have been linked to executive functioning decline, which 
is aggravated by MCI (Kochan et al., 2010). 

Studies using positron emission tomography (PET) 
multimodal imaging data in combination with indepen-
dent component analysis (ICA) could efficiently distin-
guish MCI patients from healthy controls. They discov-
ered that MCI patients’ spatial distribution of amyloid 
beta PET and tau PET significantly differs from that of 
healthy individuals. These areas are colocalized with 
the default mode and cognitive control networks (Li et 
al., 2019). Furthermore, global functional connectivity 
of the cognitive control network in the resting state has 
been proposed as a biomarker for cognitive reserve. It is 
also considered protection for brain function in MCI pa-
tients by functional magnetic resonance imaging inves-
tigation (Franzmeier et al., 2017). The cognitive control 
network consists of several interconnected brain regions: 
The dorsolateral prefrontal cortex (DLPFC), which is in-
volved in working memory (Cieslik et al., 2013), cog-
nitive performance (Cao et al., 2016), attention, and 
decision-making (Obeso et al., 2021); anterior cingulate 
cortex, which is involved in monitoring and regulating 
cognitive processes (Braem et al., 2017); Inferior pa-
rietal lobule, involved in spatial attention and working 
memory (Clower et al., 2001); ventrolateral prefrontal 
cortex, involved in inhibitory control and decision-mak-
ing; posterior parietal cortex; and medial prefrontal cor-
tex (Amidfar et al., 2019). 

Numerous cognitive processes and the functional con-
nection between various brain regions depend heavily 
on brain oscillations (Zhang et al., 2018). Theta oscilla-

Highlights 

• The  transcranial direct current stimulation (tDCS) applied on the dorsolateral prefrontal cortex improved memory in 
Mild cognitive impairment (MCI) patients;

• Active tDCS reduced the delta and theta band powers in the frontotemporal lobes of MCI patients; 

• Frontotemporal delta coherence increased after tDCS applied on the dorsolateral PFC in MCI patients.

Plain Language Summary 

MCI is a condition marked by memory problems that may lead to dementia. In this study, we tested whether the 
tDCS can improve memory and brain function in people with MCI. In this regard, 36 people with MCI were divided 
into two groups; one group received active tDCS, while the other group received sham tDCS. The brain stimulation 
was done at 10 sessions, where electrodes were placed on the left and right sides of the brain, and memory was tested 
before, immediately after, and three months after. Brain activity was also measured using EEG. The results showed that 
those who received active tDCS had significant improvements in memory immediately after and three months after 
the treatment. Additionally, the EEG wave patterns indicated positive changes in memory-related brain activity. These 
findings suggest that tDCS is a promising approach to improving brain function in people with MCI, potentially delaying 
or preventing the progression to dementia. This could offer new hope for improving brain health in aged populations.
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tions, primarily seen in the frontal cortex and regulated 
by inhibition in other brain regions, are typically associ-
ated with memory and executive functions (Huster et al., 
2013). An overall boost in the power of the delta and 
theta frequency ranges is linked to aging (Rossini et al., 
2007). Additionally, studies using resting state electroen-
cephalography (EEG) show that lower frequency bands 
and decreased alpha band power are present in the early 
stages of AD (Jeong, 2004). Age-related enhancements 
in theta power have been associated with cerebrospinal 
fluid (CSF) levels of total and phosphorylated tau (Stom-
rud et al., 2010).

Additionally, studies show that the functional connec-
tion of the brain is disrupted with aging. One of the fea-
tures of resting state EEG recording in AD is the decrease 
of fast oscillations throughout the posterior regions and 
the general enhancement of slow rhythms (Canuet et al., 
2015). EEG alterations in pathological conditions can be 
both a cause and a consequence of the pathology. For 
instance, in AD, EEG changes often result from neuro-
degeneration, while in epilepsy, abnormal EEG patterns 
can trigger seizures, contributing to the condition. Re-
gardless, EEG changes are crucial for diagnosing and 
monitoring neurological and psychiatric disorders, pro-
viding insights into brain function and guiding treatment 
(Ishii et al., 2017).

Although no approved pharmaceutical treatments exist 
for MCI (Zhang et al., 2018), most studies on non-in-
vasive treatments show that repetitive transcranial mag-
netic stimulation of the DLPFC promotes cognitive-en-
hancing effects in MCI and early AD patients (Huster et 
al., 2013). Transcranial direct current stimulation (tDCS) 
is another non-pharmacological, non-invasive form of 
brain stimulation that has demonstrated neuromodulato-
ry effects. It is utilized in various neurological disorders 
due to its potential to enhance cognitive functions by 
modulating neuronal activity. tDCS involves applying a 
low electrical current to the scalp, which can increase or 
decrease neuronal excitability in targeted brain regions. 
This non-invasive method is advantageous because it is 
relatively safe, well-tolerated, and easy to administer. 
Moreover, tDCS can be combined with cognitive train-
ing to potentially augment its effects, offering a prom-
ising therapeutic approach to slow cognitive decline 
and improve the quality of life in individuals with MCI 
(Lefaucheur et al., 2017). Anodal stimulation shows an 
excitatory (depolarizing) effect, while cathodal stimula-
tion inhibits (hyperpolarizes) the affected brain region 
(Rossini et al., 2007). TDCS can improve cognitive de-
cline by modulating cortical excitability and enhancing 
network connectivity. By altering neuronal membrane 

potentials, tDCS increases or decreases cortical neuron 
excitability, promoting synaptic plasticity essential for 
learning and memory (Nitsche & Paulus, 2000).

Additionally, tDCS enhances connectivity and coher-
ence within and between brain networks involved in 
cognitive tasks, improving functional integration (Po-
lanía et al., 2018). Reports suggest that anodal tDCS 
over the left DLPFC combined with cognitive training 
improves global cognitive function and memory perfor-
mance, indicating a synergistic effect of tDCS and cog-
nitive training (Hsu et al., 2015). Similarly, anodal tDCS 
applied to the temporoparietal cortex enhances perfor-
mance in verbal episodic memory tasks (Boggio et al., 
2012). Thus, the present study aims to investigate the ef-
fects of bihemispheric tDCS in the DLPFC on cognitive 
abilities, brain oscillations, and network connectivity in 
MCI patients.

2. Materials and Methods 

Subject recruitment

Based on the subjective memory evaluation results of 
the previous research (Das et al., 2019), the sample size 
needed to determine whether the suggested therapeutic 
approach is effective at improving memory was calcu-
lated by the Equation 1 (Agresti & Finlay, 2009): 

1. (μ1-μ2)
2n =

(Z1- α/2+ Z1- ß)
2 (S1

2+S2
2)

, where μ and S, respectively, indicate the Mean±SD 
of the memory score in the experimental groups. Ac-
cording to the cited study, μ1=7.83, μ2=10.7, S1=3.28, 
and S2=2.63. Considering a confidence level of 95% and 
test power of 80%, 17 participants in each group were 
estimated. 

In this study, 36 older people with MCI were evaluated 
in two groups of 18: Active tDCS and sham tDCS. There 
was no statistically significant difference between the 
two groups regarding demographic characteristics, and 
they were matched in terms of these variables (P>0.05). 
Table 1 shows the demographic characteristics of the in-
tervention (active) and control (sham) groups.

The inclusion criteria were as follows: Diagnosis of MCI 
by an experienced neurologist based on the 2012 revised 
criteria of the National Institute on Aging and Alzheimer’s 
Association (NIA-AA), which included change in cogni-
tion recognized by the affected individual or observers, ob-
jective impairment in 1 or more cognitive domains, inde-
pendence in functional activities, and absence of dementia 
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(Morris, 2012); mini-mental state examination (MMSE) 
result of 19–24 (Park et al., 2019); aged 50–80 years; be-
ing right-handed (Das et al., 2019); and ability to read and 
write Persian. The exclusion criteria were as follows: A his-
tory of dementia or intellectual disability; the use of cogni-
tive enhancers (donepezil, rivastigmine, galantamine, and 
memantine); reversible medical conditions associated with 
potential cognitive impairment (e.g. a history of vitamin 
B12 deficiency or hypothyroidism); a diagnosis of current 
alcohol dependence or DSM-V disorders associated with 
alcohol use; epilepsy; clinically severe disorders involv-
ing the cardiovascular, digestive, respiratory, endocrine, 
and central nervous systems; history of cerebrovascular 
surgery; problems associated with direct current stimulat-
ing electrode caused by scalp malformation, inflammatory 
reaction, or other dermatological problem; other contrain-
dications for tDCS medical device (e.g. metal plate insert-
ed into the cephalus, etc.); participatation in other clinical 
studies within the past 30 days; and expressing difficulty 
in reading or having a conversation due to vision and hear-
ing issues after wearing assistance (Park et al., 2019). As 
shown on the CONSORT diagram, 67 patients were as-
sessed for recruitment in the study. Eighteen patients were 
randomly allocated to the active and sham tDCS group 
each; considering the dropouts, the results of 16 patients 
were analyzed. There was a noisy EEG recording in the 
sham-tDCS group, which was not included in the quantita-
tive EEG (qEEG) analysis (Figure 1). 

Intervention

An instrument for tDCS was used for the intervention 
(OASIS, Mind Alive Company Inc., Alberta, Canada). 
The electrodes, held in place by a headband, were made 
of conductive rubber and wrapped with saline-soaked 
sponges. The anode was placed over the F3 electrode 
site (overlying the left DLPFC, [L-DLPFC]) and the 
cathode on the R-DLPFC (F4), as described elsewhere 
(Yekta et al., 2022). Active tDCS involves an initial 
ramp up over 30 s and then keeping the current at 2 mA 
for 29 min. Then, the current was reduced gradually (in 
30 s) to zero. For sham tDCS, the current was gradually 
increased to 2 mA over 30 s, immediately decreased 
over another 30 s, and maintained without current flow 
for 29 min. All subjects underwent intervention 3 days 
a week, up to 10 days.

Memory assessment

Participants’ memory abilities were assessed with 
the Persian version of the Wechsler memory scale-
revised (WMS-R) before (baseline), immediately, and 
three months after (follow-up) the intervention. David 
Wechsler first presented this scale in 1947 and revised 
it in 1987 (Wechsler, 1987). The WMS-R consists of 7 
subtests: Mental control, figural memory, logical mem-
ory, visual paired associations, visual reproduction, digi-

Table 1. Demographic characteristics of intervention and control groups in older people with MCI (n=18)

Demographics

No. (%)/Mean±SD

Statistics PGroup

tDCS (n=18) Sham (n=18)

Gender
Female

Male

5(27.8)

13(72.2)

7(38.9)

11(61.1)

χ2=1

df=1

0.5

0.48

Level of education

Elementary school

Middle school

High school diploma

Bachelor’s and higher

9(50)

4(22.2)

4(22.2)

1(5.6)

5(27.8)

1(5.6)

8(44.4)

4(22.2)

χ2=6.076

df=3
0.108

Marital status*
Widow (widower)

Married

3(16.7)

15(83.3)

3(16.7)

15(83.3)

χ2=0

df=1
1

Age (y) 68.16±5.33 68.55±5.45 t=-0.216 0.83

MCI 20.94±1.51 21.38±1.81 t=-0.797 0.431

Note: t; Independent t-test; χ2: Chi-square test. 

*Fisher exact test.
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tal span, and visual memory span (Wechsler, 1987). Ac-
cording to the test guide, the memory quotient (MQ) was 
calculated based on these subtests.

EEG recording 

After recording the participants’ demographic informa-
tion, which included age, sex, marital status, and other 
details, all patients were given comfortable seats in a 
room with little noise and light. The distance between 
the nasion and inion was first measured to determine the 
proper size of the EEG cap. For accuracy, the head was 
measured and marked. The electrodes were placed on 
the scalp following the EEG 10-20 International System 
with a 19-channel cap system. The recorded electrodes 
were as follows: FP1, FP2, F7, F8, F3, F4, and Fz in the 
frontal region; P3, P4, Pz, T3, T4, T5 and T6 in the pa-
rietotemporal area; the C3, C4, and Cz in the central re-

gion; and O1 and O2 on the occipital lobe. The electrode 
impedance was reduced by using electrogel. An imped-
ance of less than 10 kΩ across all electrodes was required 
for initiating the recordings. While minimizing physical 
movements, the qEEG recordings were performed at a 
resting-state, with closed eyes for 7 minutes. The linked 
ears (LE) were chosen as the default reference electrode, 
and the forehead was the ground electrode for EEG re-
cording. The brain signals were sent into a 24-channel 
neurostyle EEG recording system (Neurostyle Pte Ltd., 
Singapore), where they were captured at a sampling rate 
of 250 Hz with a bandpass filter of 0.5 to 50 Hz. 

Quantitative EEG analysis

The recorded signals were transferred to MATLAB 
2021b software (MathWorks Inc., Massachusetts, USA). 
In the pre-processing stage, the noisy signals were reject-

Figure 1. The CONSORT flowchart of the study

qEEG; Quantitative electroencephalography; tDCS: Transcranial direct current stimulation.
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ed by an automatic artifact rejection technique. Also, the 
eye blink artifact was removed using an ICA technique. 
The absolute and relative powers were calculated using 
the fast Fourier transform (FFT) method; a Hanning win-
dow with 50% overlap was applied to the whole EEG 
signal after artifact rejection. Each frequency band’s 
power spectral density was calculated for each subject 
using the Pwelch method. The most commonly studied 
frequency band ranges were assessed: Delta (0.5–3.5 
Hz), theta (4.0–7.5 Hz), alpha (8.0–12.0 Hz), and beta 
(12.5–25.0 Hz), which is also based on the Neuroguide 
default settings (Akhoondian et al., 2023).

Additionally, NeuroGuide software, version 3.2.4 (Ap-
plied Neuroscience, Inc., USA) was used to create the av-
eraged topographical brain maps, where the intensity of 
distinct band powers in each brain region is represented 
by a color gradient. To analyze qEEG data, clean EEG 
signal epochs were created by a template artifact rejec-
tion tool based on 2 standard deviations of the Z-scored 
EEG signals. Afterwards, the finite impulse response 
(FIR) filter was applied. Finally, the group analysis fea-
ture of the NeuroGuide was used to compare the total sig-
nals recorded in each channel of the active tDCS group 
with the corresponding channel of the sham group at the 
endpoint of the experiment. Thus, the brain maps repre-
sent the mean absolute/relative power difference between 
the active and sham tDCS groups. The same is true for 
the coherence brain maps. The significance of the differ-
ences was calculated using the NeuroGuide software.

All statistical analyses were performed using the SPSS 
software version 26 (IBM Corp, USA). Since some val-
ues of the WMS-R subscale scores differed between the 
active and sham tDCS groups at baseline (Figure 2), re-
peated measures of analysis of covariance (ANCOVA) 
were used to analyze the data. The pre-test total score 
and subscales of the WMS-R for the intervention and 
the control group were considered covariate variables 
for the measurement of the effect of the intervention in 
the pre-test, post-test, and a 3-month follow-up. Before 
covariance analysis, its parametric assumptions such as 
normality of data distribution, homogeneity of varianc-
es, homogeneity of the covariance matrix, homogeneity 
of regression line slope, Bartlett’s test of sphericity, ab-
sence of outlier data and non-collinearity of dependent 
variables were confirmed. For the analysis of the qEEG 
data, an unpaired t-test was performed to compare the 
mean relative power of different frequency bands be-
tween the sham and active tDCS groups after the inter-
vention. The qEEG analysis was done in the analysis tab 
of the NeuroGuide software, and P≤0.05 was considered 
statistically significant. The coherence in each frequency 

band range (cross-channel auto-frequency connectivity) 
was calculated in the NeuroGuide environment. The sig-
nificant differences between the intervention and control 
groups were depicted in a brain map.

3. Results

Active tDCS, the memory quotient, and WMS-R 
Subscales in MCI patients immediately and three 
months after the application

Table 2 presents the Mean±SD of the memory quotient 
(MQ) and its 7 subscales according to group membership 
(receiving active or sham tDCS as a between-subject fac-
tor or independent variable) and assessment stages (pre-
test, post-test, and follow-up as a within-subject factor). 
The results of repeated measures of ANCOVA in Table 
3 showed that the interaction effect of the time×group 
and the effect of time on the total score of the MQ was 
not significant (P>0.05). However, the results indicated 
that the group’s main effect on the MQ’s total score was 
significant (P≤0.001). In addition, the results of multi-
ple ANCOVA measures indicated that only the mental 
control subscale (P=0.009) was significantly affected by 
the time×group interaction. As a result, the active tDCS 
group’s degree of mental control was substantially high-
er than the sham group during the post-test and follow-
up phases (Table 3 and Figure 2). Table 3 presents the 
group and time primary impacts. The findings indicate 
that only the logical memory and visual memory sub-
scales exhibit a significant time effect (P≤0.05). More-
over, according to the data, all components showed a 
significant group effect (P≤0.001). Thus, the average of 
every memory quotient component in the experimental 
group rose noticeably after the tDCS intervention was 
implemented compared to the sham group (Table 3 and 
Figure 2).

Application of active tDCS in MCI patients, the 
power of the delta and theta band in the left fron-
tal region

The analysis of EEG recording results after applying 
10 sessions of active tDCS compared to the sham tDCS 
group showed that the absolute power of the delta fre-
quency band decreased in the FP1, F3, Fz, and T5 ar-
eas. The decrease in the delta band power of F3 and T5 
channels was significant (P<0.05). As depicted in Figure 
3A, the absolute power of the theta band range also at-
tenuated in the FP1, F3, and Fz regions (P<0.05). The 
alterations in the absolute power of other bands were not 
shown in Figure 3A, as they showed no significant dif-
ference.
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Table 2. Descriptive indices of research variables by intervention and control groups (n=18)

Stage WMS-R Subtests Group
Mean±SD

Pre-test Post-test Follow-Up

MQ
Active tDCS 72.94±6.35 89.22±6.2 82.27±7.04

Sham 81.83±10.38 85.33±10.59 79.22±9.29

Personal and general information
Active tDCS 5.05±0.41 5.94±0.23 5.83±0.51

Sham 5.38±0.6 5.66±0.59 5.55±0.61

Orientation
Active tDCS 4.22±0.54 4.94±0.23 4.72±0.46

Sham 4.27±0.89 4.61±0.6 4.27±0.57

Mental control
Active tDCS 3.83±1.2 5.72±1.17 4.72±1.07

Sham 4.77±1.73 4.77±1.47 4.5±1.5

Logical memory
Active tDCS 3.05±2.07 5.16±1.33 4.33±1.32

Sham 3±1.94 4.22±1.8 3±1.6

Digit span
Active tDCS 5.22±2.01 7.27±2.08 6.5±1.97

Sham 7±1.64 6.94±1.69 6.22±1.8

Visual memory
Active tDCS 0.33±0.59 1.94±1.1 1.44±1.14

Sham 2.05±2.04 2.44±2.22 1.88±1.93

Paired-associate learning
Active tDCS 9.33±1.68 11.55±1.61 10.11±2.11

Sham 10.94±2.38 11.22±2.23 9.88±2.02

tDCS: Transcranial direct current stimulation; WMS-R: Wechsler memory scale-revised. 

Table 3. Summary of 2-way repeated measures of ANCOVA comparison

WMS-R Dimensions

Within-subject
Between-subject

Time Time×Group

F P ƞ2 F P ƞ2 F P ƞ2

Memory quotient (MQ) 0.05 0.826 0.001 3.66 0.064 0.1 188.44 <0.001 0.851

Personal and general 
information 1.2 0.281 0.035 0.08 0.779 0.002 14.65 <0.001 0.307

Orientation 0.8 0.376 0.024 0.28 0.595 0.009 20.16 <0.001 0.379

Mental control 1.66 0.206 0.048 7.69 0.009 0.189 30.68 <0.001 0.482

Logical memory 18.24 <0.001 0.356 3.52 0.069 0.096 14.05 <0.001 0.299

Digit span 0.09 0.764 0.003 0.19 0.658 0.006 22.79 <0.001 0.409

Visual memory 9.04 0.005 0.215 0.12 0.731 0.004 25.85 <0.001 0.439

Paired-associate learning 3.96 0.055 0.107 0.03 0.861 0.001 40.43 <0.001 0.551

WMS-R: Wechsler memory scale-revised.

η2: Partial eta squared. 
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Active tDCS, the delta and theta relative powers 
while boosting the alpha band frequency in the 
frontal and temporal brain regions

Figure 3B shows the alterations in the relative power 
of the low-frequency band range. After applying active 
tDCS to MCI patients, the relative delta band power of 

the Fz (P<0.05) and T5 channels (P<0.01) attenuated 
significantly. Similarly, the relative theta band power 
diminished by around 10% in the C4 and Cz regions 
(P<0.01). On the other hand, the alpha band power was 
augmented in the F3 and T5 brain regions in patients 
receiving active tDCS. The alterations in the relative 

Figure 2. The means of the active and sham tDCS groups for the MQ score and its subscales in the pre-test, post-test, and 
follow-up 

tDCS: Transcranial direct current stimulation.
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power of the beta and gamma bands were not shown in 
Figure 3B, as they showed no significant difference.

Application of tDCS, the coherence between fron-
tal and temporal regions, mainly in the delta band 
frequencies

All coherence and functional connectivity results 
are based on cross-channel auto-frequency analysis. 
As shown in Figure 4A, the most significant changes 
(P<0.01) in coherence were detected in the delta band 
range; the coherence between FP1-F7, F4-F8, F4-T8, 
F8-T4, and F8-T6 regions increased drastically in the 
delta band frequencies. On the other hand, in the beta 
band range, the C3-C4 coherence showed significant 
attenuation, depicted in Figure 4D. Some other brain 
regions showed coherence changes with lower signifi-
cance levels (P<0.05), shown with thinner lines between 
different channels in Figure 4A-D. 

Active tDCS on the F3 region of MCI Patients, 
frontal and temporal amplitude asymmetry in dif-
ferent band frequencies 

The FFT analysis of different frequency bands in dis-
tinct brain regions revealed an inter-hemispheric asym-
metry after active tDCS intervention. Table 4 indicates 
a significantly lower amplitude in the left frontal (F3) 
versus the right frontal (F4) region of MCI patients re-
ceiving active tDCS in all frequency ranges (P<0.01 
for theta, P<0.05 for other bands). Lower left-side delta 
band activity is also observed in the T5-T6 region. Also, 
the P3-P4 and FP1-FP2 channels demonstrated lower 
beta-band activity in the left hemisphere (P<0.05). 

4. Discussion

The results of the present study revealed that 10 ses-
sions of bihemispheric tDCS on the DLPFC regions 
improved all aspects of Wechsler’s memory scale over 
three months. Personal and general information memory, 

Figure 3. Brain maps and the notable changes in the absolute (A) and relative (B) power of different electrodes

Notes: Each brain map’s title indicates the frequency band for which it is designed. Each map includes a color-coded scale that 
shows the intensity of an increase (red) or decrease (blue) in activity. For absolute power (A), the unit of change is V2/Hz, 
while for relative power (B), the unit of change is %.
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digit span, and mental control showed the highest effect 
sizes. Wu et al. reported improved visuospatial working 
memory after 10 sessions of anodal tDCS on the right 
DLPFC (F4) of diabetic polyneuropathy patients (Wu 
et al., 2016). Gu et al. applied 20-minute anodal tDCS 
to the left temporal (T3) region for 5 consecutive days 
in MCI patients. They revealed that picture memory, 
visual regeneration, logical memory, and memory span 
increased significantly. Additionally, they noted a favor-
able relationship between the memory quotient score 
and the P300 amplitude difference (Gu et al., 2022). The 
higher effectiveness in the present study can be attrib-
uted to the bihemispheric setup implemented on both left 
and right DLPFCs.

Analysis of qEEG data revealed that after the tDCS 
treatment period, the absolute power of the delta and the-
ta bands in the left frontal and temporal regions showed 
a significant decrease compared to the patients receiving 
sham tDCS. The relative delta power decreased in the 
frontal and temporal regions, while in the theta range, the 
relative power decreased in the central areas. Interesting-
ly, in the frequency range of the alpha band, the relative 

power increased in the frontal and left temporal regions. 
There have been numerous reports of AD-related altera-
tions in the pattern of the EEG power spectra, including 
an increase in theta and delta power and a beta reduction, 
followed by a decline in alpha band power, which results 
in a general deceleration of the EEG (Dierks et al., 1991; 
Jafari et al., 2020; Smailovic et al., 2018). Musaeus et 
al. showed that relative theta power is prominent in AD 
patients; it is also increased in MCI patients, though to 
a lesser extent, compared to healthy control individuals. 
They suggested that the increase in relative theta power 
could be the first EEG alteration in AD patients (Mu-
saeus et al., 2018). Babiloni et al. demonstrated that MCI 
patients show a significantly higher delta power in the 
frontal, parietal, and temporal regions, while their al-
pha band power is reduced in the temporal and occipital 
lobes (Babiloni et al., 2018). Wang et al. (2017) reported 
an enhancement in the gamma band power in addition 
to the increased delta and decreased alpha power using 
a wavelet power spectrum analysis (Wang et al., 2017).

Figure 4. Alterations in the coherence of different regions of the brain

Notes: Red lines indicate enhanced coherence, and blue lines show decreased coherence following active tDCS compared to 
the sham group. The thickness of the line reflects the degree of significance of the change.

Table 4. FFT amplitude difference of homologous electrode pairs after active TDCS

Channel Pair Delta Theta Alpha Beta Channel Pair Delta Theta Alpha Beta

FP1   FP2 -15.91 -12.93 -23.92 -31.91* F3   F4 -74.41** -38.92* -29.72* -30.1*

C3   C4 -40.73 -15.56 -9.87 7.79 P3   P4 2.78 -0.5 -23.29 -39.08*

O1   O2 -21.64 5.89 -3.84 -1.89 F7   F8 20.62 -14.02 -2.42 7.78

T3   T4 -2.72 -3.92 -12.79 3.58 T5   T6 -89.67** -49.8 -24.93 -40.47

*P<0.05, **P<0.001 (independent t-test).  

Notes: The difference is shown in percentage as an indicator of asymmetry. 
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Additionally, a general increase in the power of the del-
ta and theta frequency ranges, a notable decrease in the 
amplitude of alpha activity, and a slowing of background 
alpha activity are reported as manifestations of physi-
ological aging (Ishii et al., 2017). These reports indicate 
an augmentation of slow frequency bands in patients 
with dementia, which can be interpreted as being in line 
with our results. Bilateral tDCS treatment diminished the 
spectral power of the delta and theta band ranges and 
boosted the alpha band power compared to non-treated 
MCI patients. These reversal patterns observed in the 
present study could be attributed to boosted excitability 
in the left DLPFC by anodal tDCS.

On the other hand, Fauzan and Amran (2015) found 
that MCI patients had higher beta-2 power in the right 
anterior region compared to normal elderly individu-
als. Both groups displayed a predominant distribution 
of theta and alpha in the frontal regions. In contrast, the 
highest levels of theta were found in the parietal and 
temporal areas, which is associated with the symptoms 
of cognitive decline in individuals suffering from MCI 
(Fauzan & Amran, 2015). According to Luckhaus et 
al., MCI patients have lower alpha band power, which 
is significantly linked with worse cognitive function on 
psychometric tests. The strongest positive predictive ac-
curacy for MCI and AD and the likelihood of cognitive 
deterioration were found in the alpha power over poste-
rior leads (Luckhaus et al., 2008).

Early synaptic disruption and loss, which result in 
white matter anomalies and functional connectivity de-
ficiencies, are the main causes of progressive cognitive 
decline (Rémy et al., 2015). In elderly individuals with 
biomarker positivity who develop AD, disruption in 
functional connectivity in the alpha band is documented, 
in addition to anomalies in alpha source oscillatory ac-
tivity (Maestú et al., 2015). Rossini et al. demonstrated 
that a high midline gamma coherence and a significant 
temporal delta source were related to a faster progression 
of dementia (Rossini et al., 2006). Compared to healthy 
control subjects, Toth et al. found that MCI patients had 
significantly lower levels of local functional connectiv-
ity in the left and right frontal regions in the delta band 
range. Likewise, the left frontotemporal connection and 
the right and left frontoparietal connectivity decreased 
in MCI patients (Tóth et al., 2014). The current study’s 
findings demonstrate a notable improvement in left and 
right frontal and right frontotemporal connectivity in the 
delta band range. While other studies reveal that MCI 
patients have increased alpha-1 connectivity in the right 
parietal region (Tóth et al., 2014), the tDCS strategy 

used in the current study increased beta-band coherence 
in the central brain region. 

Martin et al. recently carried out a visual motion direc-
tion identification task on MCI patients in an EEG in-
vestigation. They only noted a frontal beta asymmetry in 
the MCI patients rather than any frontal alpha (Martin et 
al., 2022). According to our findings, frontal asymmetry 
develops following active tDCS therapy in all frequency 
bands, with greater oscillation power in the right hemi-
sphere. Additionally, the beta band of the parietal and the 
delta band of the temporal areas showed the same pat-
tern of asymmetries. Sarica et al. assessed the hippocam-
pus and related structures’ MRI asymmetry index. They 
demonstrated that compared to healthy controls, AD and 
progressing MCI patients displayed considerable asym-
metry and a greater volume on the right side (Sarica et 
al., 2018). Similarly, Yang et al. found a rightward asym-
metry in global and local network efficiency between the 
two hemispheres of AD patients using diffusion tensor 
imaging tractography (Yang et al., 2017).

The primary concern in the present study is the small 
sample size, which can reduce the generalizability of the 
findings and increase the risk of statistical anomalies. 
Additionally, potential biases, including selection bias, 
can skew the results. Another significant limitation is 
the short duration of follow-up, which may not capture 
long-term changes or the full spectrum of brain activity 
alterations over time. These factors collectively high-
light the need to interpret the qEEG findings carefully. 
Future studies should explore various tDCS protocols, 
including different intensities, durations, and electrode 
placements while comparing bihemispheric and unilat-
eral DLPFC stimulation to optimize cognitive benefits 
in MCI patients. Long-term effects should be assessed 
through extended follow-up periods and multiple ses-
sions to evaluate sustained cognitive improvements and 
EEG changes. Increasing sample sizes enhances the gen-
eralizability and validity of findings. Detailed EEG anal-
yses and additional functional assessments will deepen 
understanding of the neurophysiological mechanisms 
and broader impacts of tDCS, supported by multi-modal 
neuroimaging techniques. 

To translate tDCS findings into clinical practice, stan-
dardized protocols and integrating tDCS into cognitive 
rehabilitation programs are essential. Key challenges 
include careful patient selection and robust safety moni-
toring. Long-term efficacy and safety should be assessed 
through longitudinal studies. Addressing these factors 
can make tDCS a valuable tool for enhancing cognitive 
function in MCI patients.
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5. Conclusion

This study demonstrates that bihemispheric tDCS of 
the DLPFC can enhance cognitive functions and modu-
late brain activity in MCI patients. Anodal stimulation of 
the left DLPFC and cathodal inhibition of the right one 
reduces the low-frequency band power and increases the 
frontotemporal coherence. The cognitive effects of this 
tDCS protocol lasted for three months and may have im-
plications for preventing and treating dementia.
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