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Abstract
Background Older adults with Mild Cognitive Impairment (MCI) are often subject to cognitive and gait deficits. 
Interactive Computerized Cognitive Training (ICCT) may improve cognitive function; however, the effect of such 
training on gait performance is limited. Transcranial Direct Current Stimulation (tDCS) improves cognition and gait 
performance. It remains unclear whether combining tDCS with ICCT produces an enhanced synergistic effect on 
cognition and complex gait performance relative to ICCT alone. This study aimed to compare the effects of tDCS 
combined with ICCT on cognition and gait performance in older adults with MCI.

Method Twenty-one older adults with MCI were randomly assigned to groups receiving either anodal tDCS and 
ICCT ( tDCS + ICCT ) or sham tDCS and ICCT ( sham + ICCT ). Participants played Nintendo Switch cognitive games for 
40 min per session, simultaneously receiving either anodal or sham tDCS over the left dorsolateral prefrontal cortex 
for the first 20 min. Cognitive and gait assessments were performed before and after 15 training sessions.

Results The global cognition, executive function, and working-memory scores improved in both groups, but there 
were no significant interaction effects on cognitive outcomes. Additionally, the group × time interactions indicated 
that tDCS + ICCT significantly enhanced dual-task gait performance in terms of gait speed (p = 0.045), variability 
(p = 0.016), and dual-task cost (p = 0.039) compared to sham + ICCT.

Conclusion The combined effect of tDCS and ICCT on cognition was not superior to that of ICCT alone; however, it 
had a significant impact on dual-task gait performance. Administering tDCS as an adjunct to ICCT may thus provide 
additional benefits for older adults with MCI.

Trial registration This trial was registered at http://www.clinicaltrials.in.th/ (TCTR 20,220,328,009).
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Introduction
Mild Cognitive Impairment (MCI) is widely regarded as 
an intermediate stage between natural cognitive decline 
and the very early stages of dementia. One or more cogni-
tive domains, such as executive function, working mem-
ory, and language can be impaired in patients with MCI, 
but their ability to perform the activities of daily living 
is often preserved [1]. In addition to cognitive deficits, 
older patients with MCI may experience gait dysfunc-
tion because gait control requires higher-level cogni-
tive function, especially executive function. In elderly 
patients with MCI, limited cognitive capacity interferes 
with gait performance and increases the Dual-Task Cost 
(DTC) of cognitive–motor tasks [2]. Further, reduced gait 
speed and high gait variability lead to an increased risk 
of harmful falls in older patients with MCI [3]. However, 
to date there is no effective pharmacological treatment 
option available for MCI [4]. Due to the strong associa-
tion between cognitive function and dual-task gait speed, 
finding treatment that improves both cognitive function 
and gait control ability in elderly patients with MCI is 
important [5].

Cognitive rehabilitation is a feasible nonpharmacologi-
cal intervention for elderly patients with MCI [6]. Cog-
nitive rehabilitation procedure commonly used for MCI 
include cognitive stimulation, memory-based interven-
tions, multidomain approaches, and compensatory strat-
egies [7]. Memory and multidomain interventions have 
demonstrated potential benefits, with memory-based 
approaches possibly being more effective [8]. Further-
more, some studies reported improved cognitive perfor-
mance and reduced brain activation following training, 
while others did not observe these training-induced 
brain plasticity changes, despite improved cognitive 
performance after 5 weeks of working memory training 
in elderly adults with MCI [9, 10]. With advancements 
in computing technology, researchers have been able to 
conduct Computerized Cognitive Training (CCT). How-
ever, a systematic review has found that CCT and reha-
bilitation yield promising but inconsistent effects [11]. 
Recently, game companies have incorporated interactive 
technology into computerized exergames, such as those 
available on XBOX Kinect or Nintendo Switch. Evidence 
suggests that this form of Interactive Computerized 
Cognitive Training (ICCT) improves cognitive function 
in elderly patients with MCI [12, 13]. Given that cogni-
tive function is a determinant of dual-task gait parame-
ters [14], it is possible that improved cognitive function 
resulting from ICCT may also lead to enhanced dual-task 
gait performance. However, there is insufficient evidence 
to demonstrate the impact of ICCT on dual-task walking 
performance in elderly adults with MCI.

Transcranial Direct-Current Stimulation (tDCS) is a 
noninvasive technique that regulates brain excitability by 

delivering a low electrical current intensity (0.5–2.0 mA) 
through the scalp [15]. The administration of tDCS may 
cause changes in the membrane potential and modulate 
postsynaptic firing [16]. The Dorsolateral Prefrontal Cor-
tex (DLPFC) is involved in high-level cognitive function. 
A growing body of research supports the effectiveness of 
applying anodal tDCS over the DLPFC to enhance cog-
nitive performance, including processing speed, work-
ing memory, and executive function, in elderly with 
MCI [17, 18]. However, some studies suggest that tDCS 
did not demonstrate additional benefits on cognition 
in older adults [19]. A systematic review indicated that 
tDCS appears to have a mild positive effect on memory 
and language in the elderly with MCI [20]. Specifically, 
the DLPFC is the area responsible for allocating cognitive 
resources between two tasks performed simultaneously, 
and it plays an essential role in dual-task gait control 
[21]. Studies have shown that dual-task gait performance 
(e.g., stride time and variability) in elderly people can be 
improved immediately after the application of tDCS over 
the DLPFC [22, 23].

Despite this, the question of whether the combination 
of tDCS with cognitive training yields a better result than 
cognitive training alone remains unresolved. One study 
with an intervention period of 9–12 sessions found that 
this combination was not better than cognitive training 
alone on cognitive function [24]. In contrast, another 
study combining tDCS with memory training over 12 
sessions showed significantly greater improvement in 
delayed recall compared to the tDCS alone or memory 
training groups [25]. The uncertainty regarding cognitive 
outcomes and whether the combination has a synergistic 
effect on dual-task performance compared to ICCT alone 
remains unresolved and requires further investigation. 
The novelty of this study lies in examining the synergis-
tic effects of these two training approaches and expand-
ing the scope of outcomes from cognition to dual-task 
gait performance. Therefore, our aim was to compare the 
effects of tDCS combined with ICCT (tDCS + ICCT) to 
those of sham tDCS with ICCT (sham + ICCT) on dual-
task walking and cognitive function in elderly patients 
with MCI. Our hypothesis was that tDCS + ICCT would 
exert greater synergistic effects in these patients com-
pared to sham + ICCT.

Methods
Participants
We recruited patients from the Dementia Center, Shin-
Kong Wu Ho‐Su Memorial Hospital, Taiwan, to par-
ticipate in this study. Out of 45 potential candidates, 22 
provided their informed consent and were subsequently 
enrolled in the study. Patients were included in the study 
if they met the following criteria: (1) were aged at least 
65 years; (2) had been diagnosed with MCI according to 



Page 3 of 10Lau et al. Journal of NeuroEngineering and Rehabilitation           (2024) 21:26 

Petersen’s criteria [4] ; (3) had received a global rating of 
0.5 on the Clinical Dementia Rating (CDR) scale; and (4) 
could walk at least 10 m unaided. Patients were excluded 
if they had: (1) dementia; (2) a cerebral tumor; (3) a his-
tory of cerebral infarction or hemorrhage; (4) any other 
known neurodegenerative or neuropsychiatric condition; 
(5) any orthopedic disease that would make participation 
in the study difficult; or (6) fewer than six years of educa-
tion (elementary school).

Study design
We conducted the study as a randomized controlled 
trial and ensured double-blinding (both raters and par-
ticipants). Participants were randomly assigned to either 
the tDCS + ICCT group or the sham + ICCT group using 
numbers placed in sealed envelopes. Training was admin-
istered three times a week for five weeks, totaling 15 ses-
sions. Each session lasted for 40 min of Switch training. 
The tDCS group received stimulation during the initial 
20  min of each session, while the sham group under-
went stimulation for 30 s at the start of the session. The 
participants were trained individually by an experienced 
research assistant. Each participant also underwent base-
line assessments one day before the intervention and post 
assessments one day after the intervention, all conducted 
by a rater who was unaware of the group assignments. 
The rater performed two independent tests: a cognitive 
assessment followed by a gait assessment. The study pro-
tocol was approved by the ethics committee of Shin-Kong 

Wu Ho‐Su Memorial Hospital (IRB number: 20200709D, 
August 28, 2020). Additionally, this experiment is regis-
tered as a clinical trial at http://www.clinicaltrials.in.th/ 
(TCTR 20,220,328,009).

tDCS
For the stimulation, we utilized a battery-operated con-
stant DC Stimulator Plus (NeuroConn, Ilmenau, Ger-
many). The stimulation delivered consisted of 2  mA 
of current via a pair of sponge electrodes soaked in a 
saline solution. These electrodes measured 50 × 70  mm 
(3,500 mm²) in size and were positioned to deliver opti-
mal stimulation to the left DLPFC. Specifically, we 
placed the anode centrally over the F3 position accord-
ing to the international 10–20 system, and the cathode 
was positioned at Fp4, corresponding to the contralat-
eral right supraorbital region, as illustrated in Fig.  1. In 
the tDCS + ICCT group, this direct current was admin-
istered continuously for 20  min, following a 10-second 
ramp-up period. The duration of 20  min is considered 
both safe and commonly used in clinical research [26, 
27]. The stimulation parameters and electrode montage 
for the sham + ICCT group were identical to those in the 
tDCS + ICCT group, with the exception that the current 
was only delivered for 30  s and then gradually reduced 
to 0  mA. This approach aimed to replicate the tingling 
sensation associated with active stimulation, making it 
indistinguishable from anodal tDCS treatment, although 
we assume it had negligible effects on the participants’ 

Fig. 1 Left: example of a subject receiving the tDCS + ICCT protocol. Right: the tDCS montage
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brains. We monitored the impedance of the electrodes 
throughout the entire stimulation period in all sessions to 
ensure that it remained below 5 kΩ for safety.

ICCT program
The ICCT program covered executive function, atten-
tion, and memory domain and was administered via a 
commercial virtual-reality game console developed by 
Nintendo Switch in 2017. Nintendo Switch games can be 
played either on the console’s own screen or on a linked 
television screen. The participants used Switch Joy-Cons, 
which have infrared motion sensors on both sides, to 
detect their hand movements. We selected the following 
interactive games from the game library to use for cog-
nitive training. During each session, all seven games we 
selected were played. Participants consistently began at 
the foundational level, with the program automatically 
adjusting difficulty based on their performance through-
out the 40-minute duration.

1. Finger Calculation: A picture on the screen showed 
a number of fingers held up on two hands. The 
participants had to calculate the sum and mimic the 
number with their own fingers in front of the Joy-
Con camera as quickly as possible.

2. Finger Gymnastics: The screen displayed a series of 
rock-paper-scissors graphics. The participants had to 
imitate the displayed graphics in front of the camera 
as quickly as possible.

3. Rock, Paper, Scissors Test: A picture of a hand in the 
rock, paper, or scissors position appeared randomly 
on the screen. The participants had to respond with 
the appropriate gesture to win the round according 
to the standard rock, paper, scissors rules.

4. Bird and Box Counting: The participants had to 
calculate the number of birds or boxes illustrated on 
the screen and select the correct number with the 
Joy-Con.

5. Working Memory: Groups of pictures appeared 
randomly on the screen. The participants had to 
select the picture that had appeared in the previous 
group from three pictures on the next screen. To 
increase the difficulty level, the participants had 
to select the photo that had appeared two rounds 
previously.

6. Five in a Row: On a grid on which pieces can be 
placed at the intersections of horizontal and vertical 
lines, the participant had to try to make a horizontal, 
vertical, or diagonal line of exactly five pieces before 
the computer did so.

7. Card Memory Test: Twenty playing cards were 
displayed face-down on the screen. The participant 
and the computer took turns turning over single 
cards and then replacing them face-down again. The 

participant had to try and memorize these. The one 
whose turn it was had to try and find another card 
that matched the one turned over (based on their 
memory of previously revealed cards). If they found 
one, they would take both cards. The game finished 
when all the face-down cards had been turned over 
and taken.

Outcome measures
Cognitive performance
1. Global cognitive function
We assessed the participants’ global cognitive function 
using the Montreal Cognitive Assessment (MoCA). In 
the MoCA, the total score ranges from 0 to 30, with a 
higher score indicating better global cognitive function 
[28].
2. Working memory
We evaluated participants’ working memory using the 
N-back task. In this test, the participants had to indi-
cate whether the current position matched the one used 
one step previously (1-back) and two steps previously 
(2-back) in the sequence. We tallied the number of trials 
the participant answered correctly [29]. The participants 
also completed the visual working memory (VWM) test. 
In this test, three colored squares were randomly dis-
played for 100 ms on a screen. After a retention interval 
of 900 ms, another set of colored squares was displayed. 
The participant was asked to indicate whether the cur-
rent display was identical in color to the previous one. 
We calculated the reaction time as d-prime (d’) [30].
3. Episodic memory
We assessed the participants’ episodic memory using the 
Chinese Version of the Verbal Learning Test (CVVLT). 
Nine nouns were recited and the participants had to 
attempt to recall them immediately and again after a 
delay of 15 min. The number they recalled correctly was 
recorded, and this process was repeated four times [31].
4. Executive function
We assessed the participants’ attention, task-switching 
ability, and executive function using the Trail Making 
Test (TMT) parts A and B. In TMT-A, the participant 
had to connect 25 numbers in the correct sequence, and 
in TMT-B, they had to link 12 numbers with the 12 signs 
of the zodiac in the correct order as quickly as possible 
[32]. We recorded the time the participant took to com-
plete each test. We also assessed their executive function 
using the Tower of London (ToL) task. The participant 
had to move colored beads arranged on three vertical 
rods to achieve a particular goal arrangement. Successive 
tasks increased in complexity and the participant had to 
perform two to five moves to reach the goal in each case. 
We analyzed the total time they took and their accuracy 
[33].
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Gait performance
We measured the participants’ gait parameters using 
the Gait Up system (Gait Up, Lausanne, Switzerland). 
The system consists of a wearable device, and the mea-
surement instrument has good validity and reliabil-
ity [34]. GaitUp utilizes two wireless inertial sensors 
equipped with triaxial accelerometers, along with one 
tablet. The sampling frequency of the Gait Up system is 
128 Hz. These sensors are secured using two rubber clips, 
attached to the dorsal side of the participants’ shoes, just 
below the lateral malleolus. The sensors can establish a 
wireless connection with a tablet for data control. In each 
trial, upon pressing “start” on the tablet, a three-second 
countdown is displayed before the “go” signal, during 
which the sensors undergo automatic calibration. The 
walking path was a straight corridor with 10  m marked 
as the starting and finishing points for each trial. The sys-
tem automatically excludes the first and last gait cycles 
(acceleration and deceleration) and then computes the 
average gait parameters during the 10 m. A PDF report 
is instantly generated and uploaded to the cloud after 
participants complete each trial. We set up two tasks to 
assess the participant’s gait performance: (1) a single task, 
involving walking at the participant’s preferred speed; (2) 
a dual task, involving walking while conducting a sub-
traction task, in which the participant had to start from a 
randomized three-digit number and subtract three from 
it serially (e.g., 100, 97, 94 …). We asked the participant 
to perform three trials of each task and recorded the fol-
lowing spatiotemporal parameters: speed (m/s), stride 
length (m), and cadence (step/min). We took the average 
of each parameter from the measurements made dur-
ing the three trials. We quantified dual-task interference 
based on the DTC of speed, calculated as: DTC of speed 
(%) = [single-task walking speed – dual-task walking 
speed) / single-task walking speed] x 100% [35]. Finally, 
we defined gait variability as the coefficient of variation of 
stride length (i.e., standard deviation/mean × 100%).

Data analysis
We analyzed the sociodemographic, neuropsychological, 
and gait data using SPSS 20.0 (SPSS, Chicago, IL, USA). 
Descriptive statistics were generated for all variables, and 
distributions were expressed as means ± standard devia-
tions or as counts. Initially, we assessed the uniformity 
of data distribution. Next, between-group differences in 
baseline characteristics were examined using indepen-
dent t-tests or chi-squared tests. To evaluate the effects 
of ICCT on participants’ cognitive function, we con-
ducted a two-way repeated-measures analysis of variance 
(ANOVA). The model included two groups, the time-
point of assessment (before or after the intervention), 
and the interaction between group and timepoint. Post-
hoc analyses were performed with Bonferroni correction. 

Statistical significance was defined as p < 0.05. Partial 
eta-squared (η2) was calculated and used to indicate the 
effect size.

Results
The sample size we initially calculated for our study was 
40 participants, based on an effect size of 0.23, an alpha 
level of 5%, and a power of 80% with a repeated measures 
ANOVA model [36]. However, our study coincided with 
the COVID-19 pandemic, which resulted in interrup-
tions and patient reluctance to undergo interventions at 
the hospital. As a result, we were only able to enroll 22 
patients who were then randomly assigned to one of the 
two groups (Fig. 2). Of these participants, one member of 
the sham + ICCT group dropped out of the study because 
of COVID-19 (she completed 9 of the 15 sessions). We, 
therefore, excluded this participant’s data from the analy-
sis. The remaining 21 participants successfully completed 
all interventions and assessments, and none of them 
reported any adverse events. We conducted a brief post-
intervention interview, which indicated that all the par-
ticipants were confident that they had received the real 
tDCS treatment. The demographic characteristics of the 
patients are shown in Table  1. The results of the cogni-
tive function tests and dual-task gait performance assess-
ments, both before and after training, are presented in 
Tables 2 and 3, respectively. We observed no significant 
differences in demographic parameters between the two 
groups. Additionally, there were no significant differ-
ences in all cognitive and gait parameters between the 
two groups at baseline.

In Table  2, no significant interaction and group 
effect were observed for any of the cognitive func-
tion outcomes. However, there was a significant time 
effect on MOCA (p < 0.001), TMTA (p < 0.001), TMTB 
(p < 0.001), CVVLT verbal memory (p < 0.001), CVVLT 
delayed recall (p = 0.003), 1-back (p < 0.001), and 2-back 
(p < 0.001). In the tDCS + ICCT group, the post-hoc com-
parisons with Bonferroni correction showed that partici-
pants’ scores for the MoCA (p = 0.002), TMTA (p < 0.001), 
TMTB (p = 0.002), CVVLT verbal memory (p < 0.001) and 
delayed recall (p < 0.001), 1-back task test (p < 0.001), and 
2-back task test (p < 0.001) improved significantly after 
training. In the sham + ICCT group, the post-hoc com-
parisons with Bonferroni correction showed that partici-
pants’ scores for the MoCA (p = 0.014), TMTB (p = 0.012), 
CVVLT verbal memory (p = 0.008), and 1-back task test 
(p = 0.002) improved significantly after training.

In Table 3, significant interaction effects were observed 
in relation to gait speed (p = 0.045, η2 = 0.195), variabil-
ity (p = 0.016, η2 = 0.271), and DTC (p = 0.039, η2 = 0.206) 
during dual-task walking, with the tDCS + ICCT group 
performing better than the sham + ICCT group. There 
was no observed group effect, but time effects were 
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detected in speed (p = 0.009), cadence (p = 0.004), gait 
variability (p = 0.043) during dual task walking, and DTC 
of speed (p = 0.004). In the tDCS + ICCT group, the post-
hoc comparisons with Bonferroni correction showed 
that gait speed (p = 0.046), cadence (p = 0.020), variability 
(p < 0.001), and DTC during dual-task walking (p = 0.018) 
improved significantly after training. In the sham + ICCT 
group, the post-hoc comparisons with Bonferroni correc-
tion showed that gait speed (p = 0.046) during dual-task 
walking improved significantly after training.

Discussion
In the current study, we compared the effects of admin-
istering anodal tDCS combined with ICCT to those 
of administering ICCT alone on cognitive function 
and dual-task gait performance. Both groups showed 
improved global cognitive function, executive function, 
and working memory after the training. However, the 
effects of tDCS combined with ICCT were not superior 
to ICCT alone in terms of cognitive function because no 
significant nteraction effects were found. Furthermore, a 

Fig. 2 Flowchart of this study
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significant interaction effect was found in some dual-task 
parameters, indicating that the tDCS + ICCT treatment 

was superior to ICCT alone in improving dual-task walk-
ing performance.

A meta-analysis revealed that tDCS may improve 
memory and language in elderly patients with MCI [20]. 
However, our findings revealed no synergistic effect of 
the tDCS–ICCT combination on all cognitive outcomes 
compared to ICCT alone. This may be because both 
types of training enhanced cognitive function. Our brain-
training Nintendo Switch program includes many inter-
active and fun composite cognitive training. Given the 
available evidence, which suggests that CCT has moder-
ate effects on various aspects of cognitive function, and 
that tDCS has a mild positive influence on memory and 
language skills in older adults with MCI, it is reasonable 
to consider the possibility that the training effect of ICCT 
was superior to that of tDCS on enhancing cognitive 

Table 1 Baseline demographic characteristics of the participants 
(n = 21)

Sham + ICCT 
(n = 10)

tDCS + ICCT 
(n = 11)

p

Age (years) 69.0 ± 4.9 72.0 ± 17.3 0.606
Sex (female/male) 7/3 7/4 0.562
Education (years) 12.0 ± 4.9 11.8 ± 3.5 0.949
Height (cm) 157.9 ± 8.6 161.5 ± 6.5 0.286
Body weight (kg) 58.1 ± 7.9 58.7 ± 10.4 0.889
Body mass index (kg/m2) 23.2 ± 1.9 22.4 ± 3.2 0.476
MMSE (score) 26.0 ± 2.7 24.8 ± 1.4 0.228
CDR (score) 0.5 ± 0 0.5 ± 0 1
MMSE: Mini–Mental State Examination; CDR: Clinical Dementia Rating; Data are 
presented as means ± SD or numbers

Table 2 Comparisons of cognitive performance between the two treatment groups
Sham + ICCT (n = 10) tDCS + ICCT (n = 11) Time Group Time × Group
Pre-
intervention

Post-
intervention

Pre-
intervention

Post-
intervention

P value P value P value,η2

MoCA (score) 25.5 ± 2.7 26.6 ± 2.2* 25.0 ± 2.2 26.6 ± 1.7* < 0.001 0.849 0.351, 0.046
TMTA (seconds) 63.3 ± 8.2 52.5 ± 10.3 68.3 ± 7.6 48.3 ± 8.9* < 0.001 0.899 0.058, 0.177
TMTB (seconds) 111.6 ± 24.0 92.8 ± 19.4* 124.6 ± 39.5 91.4 ± 32.5* < 0.001 0.645 0.128, 0.118
Tower of London
 Total time (seconds) 725.8 ± 175.2 693.2 ± 136.9 703.4 ± 242.3 587.4 ± 331.6 0.160 0.486 0.422, 0.034
 Accuracy 6.5 ± 2.3 6.8 ± 1.6 6.1 ± 2.5 7.1 ± 2.4 0.094 0.973 0.354, 0.045
VWM (d’) 1.5 ± 0.3 1.5 ± 0.4 1.8 ± 0.9 1.7 ± 0.9 0.430 0.388 0.859, 0.002
CVVLT (number)
 Verbal memory 24.8 ± 4.7 28.0 ± 3.9* 23.3 ± 4.9 28.3 ± 5.6* < 0.001 0.799 0.120, 0.122
 Delayed recall 4.1 ± 2.0 5.3 ± 2.2 3.6 ± 2.4 5.2 ± 2.5* 0.003 0.797 0.599, 0.015
N-back task (number)
 1-back 15.2 ± 0.7 17.9 ± 1.5* 14.1 ± 0.9 18.3 ± 1.7* < 0.001 0.532 0.067, 0.166
 2-back 6.1 ± 2.2 7.1 ± 2.8 4.8 ± 1.8 7.3 ± 2.0* < 0.001 0.581 0.070, 0.162
Data are presented as means ± SD or numbers. *significant pre-post improvement by the post-hoc comparison with Bonferroni correction

MoCA : Montreal Cognitive Assessment; TMTA and TMTB: Trail Making Test parts A and B; VWM: Visual Working Memory; CVVLT: Chinese Version of the Verbal 
Learning Test

Table 3 Comparisons of walking performance between the two treatment groups
Sham + ICCT (n = 10) tDCS + ICCT (n = 11) Time Group Time × Group effect
Pre-
intervention

Post-
intervention

Pre-
intervention

Post-
intervention

P value P value P value,η2

Single task walking
 Speed (m/s) 1.1 ± 0.2 1.0 ± 0.1 1.1 ± 0.2 1.1 ± 0.2 0.253 0.778 0.461, 0.029
 Cadence (step/min) 111.5 ± 20.6 112.5 ± 19.8 111.0 ± 13.1 119.4 ± 15.3 0.291 0.616 0.400, 0.037
 Stride length (m) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.2 1.1 ± 0.2 0.369 0.343 0.102, 0.134
 Gait variability 3.5 ± 1.0 3.6 ± 1.1 3.7 ± 0.9 3.1 ± 0.9 0.334 0.757 0.164, 0.100
Dual task walking
 Speed (m/s) 0.8 ± 0.3 0.9 ± 0.3* 0.8 ± 0.4 1.0 ± 0.2* 0.009 0.811 0.045, 0.195
 Cadence (step/min) 96.3 ± 24.5 102.2 ± 23.3 85.5 ± 32.1 111.9 ± 17.6* 0.004 0.953 0.050, 0.188
 Stride length (m) 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 1.0 ± 0.2 0.220 0.245 0.123, 0.121
 Gait variability 4.0 ± 1.20 4.1 ± 1.51 4.5 ± 1.41 3.4 ± 1.08* 0.043 0.881 0.016, 0.271
 DTC of speed (%) 19.6 ± 30.7 14.3 ± 25.4 30.6 ± 30.7 6.9 ± 15.7* 0.004 0.846 0.039, 0.206
Data are presented as means ± SD or numbers. * significant pre-post improvement by the post-hoc comparison with Bonferroni correction

DTC: Dual Task Cost
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performance [20, 37]. Our results thus agree with pre-
vious findings that combining cognitive training with 
either anodal or sham tDCS on the DLPFC may signifi-
cantly improve cognitive function, but that adding anodal 
tDCS would lead to no significant between-group differ-
ences in older adults with MCI [24, 38].

However, we observed a significant pre-post improve-
ment in working memory in the tDCS + ICCT group, 
particularly in the CVVLT delayed recall and 2-back 
tasks, which was not observed in the sham + ICCT group. 
Furthermore, time by group interaction effects were also 
marginally significant in the TMT-A and N-back tasks, 
suggesting the potential of the tDCS + ICCT treatment 
to be more beneficial than sham + ICCT for cognitive 
function. Recent studies have suggested that concurrent 
tDCS stimulation during cognitive training tasks could 
enhance neural plasticity in the cortical regions that are 
stimulated [39, 40]. Considering that our ICCT program 
includes memory training games similar to the N-back 
tasks, it’s possible that tDCS had synergistic effects on 
this specific cognitive domain. This is supported by the 
improvements observed in the two corresponding work-
ing memory tasks (the 2-back and CVVLT delayed recall 
tasks) in the tDCS + ICCT group, which were not seen in 
the sham + ICCT group. However, it’s important to men-
tion that our study consisted of just 15 training sessions. 
Future research could explore whether increasing this 
number yields significantly different outcomes between 
the treatment groups.

In addition to investigating the combined effects of 
tDCS + ICCT on cognitive performance, we also exam-
ined their impact on gait, a parameter not previously 
explored in studies [24, 25, 38]. Walking and simultane-
ously performing serial subtraction require processing 
and filtering out unrelated signals. Therefore, this task is 
highly demanding for older adults with MCI [41, 42]. Tra-
ditionally, most studies have involved longer cognitive-
motor dual-task training (24 sessions over 12–24 weeks) 
to improve dual-task gait performance [43, 44]. However, 
our findings show that training effects can be seen after 
as little as five weeks (15 sessions) when combining tDCS 
with ICCT. This implies that applying tDCS during cog-
nitive training may be more effective than using cogni-
tive–motor dual-task training for improving dual-task 
gait performance, especially with respect to speed, DTC, 
and variability. Further, ICCT alone may not be sufficient 
to improve dual-task gait performance, or a higher inten-
sity and duration may be required to achieve the same 
amount of improvement. The immediate impact of tDCS 
in reducing DTC has been established in healthy elderly 
individuals, whether administered before or during com-
plex walking. Our study extends this understanding to 
multiple sessions and incorporates elderly individuals 
with MCI [21, 45].

The left DLPFC is a brain region responsible for execu-
tive function, allocating cognitive resources, and poten-
tially reducing dual-task walking costs in older adults 
[46, 47]. Patients with MCI exhibit attenuated prefron-
tal cortex activation during dual-task walking [48, 49]. 
Further, studies have shown greater activation of the left 
DLPFC during cognitive–motor walking tasks than dur-
ing single-task walking [50, 51]. Our findings of increased 
dual-task gait speed and reduced variability following the 
additional administration of tDCS over the left DLPFC 
with ICCT provide further evidence to support the cru-
cial role in gait control played by DLPFC.

We hypothesized tha ICCT may improve the over-
all cognitive capacity, and thus allow more attentional 
resources to be devoted towards a walking task while 
performing a cognitive task simultaneously. In our find-
ing, the decrease in DTC in the tDCS + ICCT group may 
indicate that more attentional resources are available for 
walking during dual-task walking task, potentially due 
to an increased overall cognitive capacity. This implies 
that tDCS enhanced neural efficiency by modulating pre-
frontal recruitment. Support for this idea comes from a 
recent study that demonstrated a decrease in left prefron-
tal oxygen consumption, corresponding to a reduction in 
dual-task walking cost, immediately following a single 
session of tDCS [23]. Although we collected no data con-
cerning the cerebral hemodynamic changes that accom-
panied changes in performance, the reduction of DTC in 
the tDCS + ICCT group may provide indirect evidence 
for improved neural efficiency in the prefrontal cortex.

Our tDCS + ICCT treatment resulted in increased 
gait speed and reduced gait variability and DTC during 
dual-task walking. These positive outcomes may have sig-
nificant clinical implications for older adults with MCI 
[52]. The improvement in gait speed during dual-task 
walking we recorded (23.1  cm/s) is clinically meaning-
ful because it exceeds the minimum detectable change 
value (16 cm/s) [53]. Further, studies have shown that gait 
variability can predict fall risk and is related to executive 
function in elderly patients with MCI [54, 55]. It has also 
been shown that a DTC > 20% can destabilize gait and 
increase fall risk [56]. In the present study, we recorded 
a reduction of DTC to 5% following the tDCS + ICCT 
intervention, suggesting that our program may improve 
dual-task walking performance and thus reduce fall risk 
in older adults with MCI.

However, the present study has several limitations. 
First, we did not have a tDCS-only group, which could 
have clarified whether the effects were due to tDCS 
alone or the synergistic effects of the tDCS–ICCT com-
bination. Adding a tDCS-only group to the experimental 
design in future studies may help address this question. 
Second, we conducted only pre- and post-intervention 
assessments; a later follow-up session may be warranted 
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to assess how long the effects of training last after the 
training period. Third, the small sample size in this 
study may limit the generalizability of our findings and 
could affect the statistical power of our results. Fourth. 
although participants were instructed to prioritize the 
subtraction task during dual-task performance, we did 
not record the results of the subtraction task, limiting our 
ability to explore potential variations in prioritization’s 
impact on gait performance. Finally, because of inter-
individual variability in cortical architecture and the large 
size of the conventional electrodes we used, the spatial 
focality of the induced electrical field may not have been 
optimal. Hence, individual computational modeling may 
be required in future studies to optimize tDCS dosage 
and focality.

Conclusion
Anodal tDCS combined with ICCT had no additional 
effects compared to ICCT alone in terms of enhancing 
cognitive function in older adults with MCI, although 
there were significant cognitive improvements in both 
groups. However, the tDCS–ICCT combination had a 
superior effect on dual-task gait performance, suggest-
ing that implementing tDCS as an adjunct to ICCT may 
provide additional beneficial effects in older adults with 
MCI. Further studies should improve this protocol and 
explore the potential of developing it into a nonpharma-
cological treatment option for alleviating the symptoms 
of patients with MCI.
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