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Objective: The presence of mental fatigue seriously affects daily life and working

conditions. Non-invasive transcranial electrical stimulation has become an

increasingly popular tool for relieving mental fatigue. We investigated whether

transcranial direct current stimulation (tDCS) and transcranial alternating current

stimulation (tACS) could be used to alleviate the state of mental fatigue in a

population of healthy young adults and compared their effects.

Methods: We recruited 10 participants for a blank control, repeated measures

study. Each participant received 15 min of anodal tDCS, α-tACS, and blank

stimulation. Participants were required to fill in the scale, perform the test task

and collect ECG signals in the baseline, fatigue and post-stimulus states. We then

assessed participants’ subjective fatigue scale scores, test task accuracy and HRV

characteristics of ECG signals separately.

Results: We found that both anodal tDCS and α-tACS significantly (P < 0.05)

reduced subjective fatigue and improved accuracy on the test task compared to

the blank group, and the extent of change was greater with tACS. For the HRV

features extracted from ECG signals. After tACS intervention, SDNN (t = −3.241,

P = 0.002), LF (t = −3.511, P = 0.001), LFn (t = −3.122, P = 0.002), LFn/HFn

(−2.928, P = 0.005), TP (t = −2.706, P = 0.008), VLF (t = −3.002, P = 0.004),

SD2 (t = −3.594, P = 0.001) and VLI (t = −3.564, P = 0.001) showed a significant

increasing trend, and HFn (t = 3.122, P = 0.002), SD1/SD2 (t = 3.158, P = 0.002)

and CCM_1 (t = 3.106, P = 0.003) showed a significant decreasing trend. After

tDCS intervention, only one feature, TINN, showed a significant upward trend

(P < 0.05). The other features showed non-significant changes but roughly the

same trend as the tACS group.

Conclusion: Both tDCS and α-tACS can be effective in relieving mental fatigue,

and α-tACS is more effective than tDCS. This study provides theoretical support

for tDCS with α-tACS having a alleviating effect on mental fatigue and the use of

ECG as a valid objective assessment tool.
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1 Introduction

With the development of modern technology, people’s pace
of life is getting faster and faster, and the pressure of work and
competition has also increased. Prolonged exposure to intense
work pressure, social pressure and family pressure, coupled with
factors such as information overload and prolonged use of
electronic devices, may lead to the emergence of mental fatigue.
Mental fatigue has become an increasingly common state in today’s
social life, and excessive mental fatigue not only affects daily life
and work status (Van Cutsem et al., 2017; Holgado et al., 2021),
but may also lead to cardiovascular and other diseases (Gecaite-
Stonciene et al., 2021). Therefore, timely and effective interventions
are needed to improve mental fatigue status. At present, there are
many interventions to improve fatigue, such as caffeine (Herden
and Weissert, 2020), odor stimulation (Wang et al., 2023), music
(Gao et al., 2023) and outdoor activities (Abdollahzade et al., 2023).
Nonetheless, these proposed strategies to counteract mental fatigue
may not be readily implemented or effective in a timely manner.
In recent years, noninvasive transcranial electrical stimulation
(tES) has become an increasingly popular tool for the relief of
mental fatigue. It is a technique that influences brain activity
by applying electrical currents to the surface of the scalp and
adjusting the excitatory, inhibitory, or synaptic transmission of
neurons. Common non-invasive transcranial electrical stimulation
techniques include transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), and so on
(Antal et al., 2017).

tDCS is a non-invasive technique that uses a weak direct
current (usually 1–2 mA) passed between electrodes on the scalp
to alter the neuronal membrane resting potential in a polarity-
dependent manner, increasing or decreasing neuronal excitability
in a given area (Sehm et al., 2013). This technique has been shown to
have positive effects on alertness, working memory, and attention.
For example, Dai et al. (2022) applied 1.5 mA anodal tDCS to the
left dorsolateral prefrontal cortex (DLPFC) to enhance the early
stages of relevant information processing and improve alertness,
and Fernández et al. (2021) demonstrated that anodal tDCS to
the left DLPFC had a modulatory effect on memory decay during
delay intervals and could enhance memory in young adults; All of
these cognitive abilities were also significantly affected by mental
fatigue. Studies have shown that tDCS is an effective anti-fatigue
measure, and its effect lasts longer than caffeine and is more positive
in mood (McIntire et al., 2017). A single blind, randomized trial
(Fortes et al., 2022) hint anodal tDCS can relieve mental fatigue of
the harmful effects of athletic performance, improve the efficiency
of the task. Recently, another form of non-invasive transcranial
electrical stimulation tACS has been developed and is increasingly
being used to improve aspects related to mental fatigue such as
attention and alertness (Fusco et al., 2022; Grover et al., 2023).
tACS is a widely used non-invasive method of brain stimulation
that involves applying low intensity electrical currents alternately at
a prescribed frequency between at least two electrodes on a subject’s
scalp (Herzog et al., 2023), usually using current waveforms such
as sine, triangle and square waves. Clayton et al. (2019) suggested
that α-tACS applied to the partooccipital cortex during a sustained
attention task could prevent deterioration of attention to visual
attention. A study by Martínez-Pérez et al. (2022) applied 6 and

10 Hz tACS to the right DLPFC during a vigilance task, and
their goal was to counteract the typical decrease in vigilance and
increase in fatigue usually observed during task time, the results
showed that only α frequency (10 Hz) stimulation could improve
the performance of the alert executive component.

However, few studies have directly compared the effects of
tDCS with those of tACS, which differs from tDCS in that
it delivers an alternating current of a specified frequency in
a bidirectional manner between the electrodes, whereas tDCS
delivers a unidirectional current. tACS likewise has a number of
features and methodological considerations similar to those of
tDCS, such as the stimulation duration, the site of stimulation, and
the current intensity used (Moliadze et al., 2010; Moreira et al.,
2022; De Guzman et al., 2023; Liu et al., 2023). Kim et al. (2021)
directly compared the effects of tDCS and γ-tACS on cognitive
enhancement in mild cognitive impairment using the same current
intensity and stimulation duration. γ-tACS and tDCS significantly
improved cognitive test scores compared to sham stimulation, and
the enhancement of γ-tACS was superior to that of conventional
tDCS; In terms of working memory, one study (Röhner et al., 2018)
compared a visual 2-back task with 6 Hz tACS and conventional
tDCS stimulation, and the results elucidated the clear benefits of
tACS compared to tDCS. To date, no study has directly compared
the effects of tDCS and tACS on relieving mental fatigue in
healthy people. This study will compare the intervention effects of
tDCS and α-tACS on mental fatigue, and set up a blank control
group. The stimulation design, such as electrode position, current
intensity and stimulation duration, was kept consistent during the
experiment to match the parameters of α-tACS and tDCS.

The above studies mainly used subjective scales and task
performance to evaluate the effect of stimulation, and these results
may be affected by mental effort or practice effect (Kim et al., 2021).
Previous studies have shown that electrophysiological parameters
are better indicators to objectively verify the effect of tES on fatigue
(Linnhoff et al., 2021). Objective parameters such as EEG and
Magnetic resonance imaging can be used to better evaluate the
stimulation effect, but these operations are complicated and cannot
be collected conveniently. Recently, it has been shown that there
is a strong correlation between HRV parameters of ECG and EEG
parameters (Wang et al., 2018), which can accurately and quickly
identify the degree of mental fatigue in humans (Chen et al., 2023).
Huang et al. (2018) used a wearable smart electrocardiogram (ECG)
device to detect the likelihood of mental fatigue state and the
results indicated that mean NN, PNN50, TP, and LF were the most
important HRV metrics for mental fatigue detection. Murugan et al.
(2020) detected and analyzed the state of drivers by monitoring
their ECG. Thirteen statistically significant HRV features in ECG
signals were extracted for mental fatigue classification with 96.6%
accuracy. A study (Ni et al., 2022) also used HRV features for
mental fatigue detection, demonstrating the possibility of using
HRV for fatigue assessment. Butkeviciute et al. (2022) suggested
that the greatest differences between states were found in ECG
signal parameters (e.g., Q and R wave amplitudes), as well as
QT and T intervals. The accuracy of ECG for mental fatigue
discrimination was more than 94.5%, suggesting that ECG can be
effective in assessing the degree of mental fatigue. Whether mental
fatigue improves after tES intervention can be analyzed using these
features for fatigue status, so we used ECG signals for an objective
assessment of the effectiveness of mental fatigue intervention.
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In summary, the present study will compare the intervention
effects of tDCS and α-tACS in mental fatigue, and also assess their
effects using ECG. We hypothesized that: anodal tDCS and α- tACS
at 10 Hz applied to the prefrontal cortex can effectively alleviate
the state of mental fatigue, and the effect of α- tACS is superior
to that of tDCS, as evidenced by a significant difference in the
relevant ECG parameters.

2 Materials and methods

2.1 Participants

The object of study for 10 (5 male, 5 female) healthy volunteers
with a mean height of 169.5 ± 9.13 cm, weight of 61.1 ± 9.12 kg,
and a mean age of 23.8 ± 1.98 years. We screened all participants
for healthy young adults aged 18–30 years, including those with
normal or corrected to normal vision, right-handedness, and those
without severe sleep disorders. We excluded volunteers with speech
disorders, a history of migraine, headaches, skin conditions, any
adverse experience of previous tDCS or tACS, head/metal implants,
and any volunteers who had participated in a tDCS or tACS study in
the 6 months prior to the current study. We asked all participants to
be asked not to take any functional beverages or medications in the
week prior to the experiment. And to get at least 8 h of continuous
sleep the day before the experiment, and to have a regular
routine for the week prior to participating in the experiment.
All participants were informed of the experimental procedures in
advance and agreed to sign an informed consent form.

2.2 Procedure

The study used a blank controlled, repeated measures
design, and the sequence of stimulus interventions was balanced
across participants. Each participant was asked to participate in
three separate experiments. In three experimental sessions, all
participants received tDCS, tACS, and blank stimulation, and a
minimum of 7 days were required between each trial to reduce
the continuation effect (Andrews et al., 2011) of stimulation. Each
participant received three interventions on the same working day
for three consecutive weeks.

Each experiment was divided into 3 phases as shown in
Figure 1. The experiments lasted a total of 105 min. Phase 1
was the baseline collection phase, which included the collection
of participants’ subjective fatigue scale (SFS), a 5 min resting state
and a 5 min test task, as well as the collection of participants’
ECG data. Phase 2 was the mental fatigue induction phase, which
consisted of a 60 min mental fatigue induction task, collection of
the participant’s SFS, a 5 min resting state, and a 5 min test task,
along with collection of the participant’s ECG data. Phase 3 was
the intervention phase, which consisted of a 15 min intervention
(tDCS/tACS/blank), collection of the participant’s SFS, a 5 min
resting state and a 5 min test task, along with collection of the
participant’s ECG data. According to different experimental stages,
they were divided into three different states: pre-fatigue state
at baseline, post-fatigue state after fatigue induction, and post-
stimulation state after stimulation.

2.3 Mental fatigue induction paradigms
and test tasks

The mental fatigue-inducing paradigm was chosen to be the
TloadDback task, which is a dual task combining the classical
N-back working memory updating task and the odd/even decision-
making task, and which has been shown to successfully induce
fatigue when performed for long periods of time (O’Keeffe et al.,
2020; Benkirane et al., 2022). In this experiment, the 2-back+ parity
task was used, using the E-prime3.0 design paradigm, in which
letters and numbers appeared alternately, with a time interval of
800 ms. If the screen is displayed as a letter: it is necessary to
determine whether the current letter is the same as the last letter,
press the “H” key when the same letter is the same, and do not
react when it is different; If the screen is shown as a number: it is
necessary to judge the parity of the current number, press “J” key
when it is odd, and press “K” key when it is even. This task was
likewise a test task for all three phases of the experiment.

The performance of these tests was assessed by the percentage
of correct trials and the average reaction time (Shigihara et al.,
2013). Correctness for the test task was calculated as the number of
correct trials divided by the total number of trials, and since there
was no corresponding reaction time when participants did not
respond to key presses, reaction times were averaged by removing
the trials in which no keys were pressed.

2.4 Subjective fatigue scale

We used the subjective fatigue scale to collect basic information
and subjective fatigue levels from participants. The scale was based
on the multidimensional fatigue inventory (MFI) (Lim and Son,
2022) and the mental fatigue scale (MFS) (Norlander et al., 2021),
and 15 fatigue-related items were selected, ranging from “not at
all,” “somewhat obvious,” “generally obvious,” “relatively obvious”
to “very obvious,” indicating a gradually deepening degree of
correlation, and the scores were “0”–“4”, respectively. Participants
were asked to tick the options that corresponded to their situation,
and a scale score was calculated based on the scores corresponding
to these options, so that they were categorized according to the
scale score as normal state “0–15”, mild fatigue “16–30”, moderate
fatigue “31–45” and severe fatigue “46–60.”

2.5 Transcranial electrical stimulation
device

Transcranial direct current stimulation using stimulation
device is our independent research and development of the brain
stimulator, as shown in Figure 2A. An oval soothing gel patch was
used to cover the 5 cm× 5 cm (25 cm2) electrode sheet to alleviate
the tingling sensation caused by the current. All participants were
seated in the same chair for the intervention. Based on the extended
International 10–20 system, tDCS interventions were performed
in the supraorbital region of the prefrontal lobe, with the anode
placed at Fp1 and the cathode at Fp2. The current intensity was
1.5 mA, and the stimulation was sustained for 15 min, consisting
of a 30-s rise time at the beginning and a 30-s fall time at the
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FIGURE 1

Experimental design.

FIGURE 2

Electrical stimulation device (A) tDCS, (B) tDCS current intensity trend, (C) tACS, (D) tACS current intensity trend.

end. As shown in Figure 2B. tACS was stimulated in the right and
left prefrontal brain regions (Fp1, Fp2) as shown in Figure 2C.
The current intensity was 1.5 mA; the frequency was 10 Hz (using
sine-wave alternating current), as shown in Figure 2D; and the
stimulation duration was 15 min.

2.6 ECG recording and preprocessing

In this study, ECG signals were acquired using a
multiparametric device developed by our own group (see
Figure 3), with a sampling rate of 500 Hz. 12 leads were generally
used for ECG acquisition, including 6 limb leads (I, II, III, aVR,
aVL, aVF) and 6 chest leads (V1∼V6) (Ribeiro et al., 2020). To

reduce the complexity of wearing electrodes, six limb leads (I, II,
III, aVR, aVL, aVF) out of 12 leads were used in this study, with
specific electrode placements in the left upper limb, right upper
limb, left lower limb, and right lower limb. The steps of ECG
acquisition using the multi-parameter device are as follows: first,
wear the ECG electrodes; use Bluetooth to connect to the host
computer to control the data transmission; and after successful
connection, click on “start storing” to start ECG acquisition.
Matlab 2020 software was used to process and analyze the ECG
signals. The Pan-Tompkins algorithm (Liu et al., 2017) was used
for ECG preprocessing, which was based on the digital analysis
of slope, amplitude and width for detection. In addition, the
algorithm periodically adjusted the threshold and parameters
according to the morphology of QRS complex and the changes
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of heart rate. After filtering and baseline drift correction, the
heart rate variability (HRV) of RR wave interval was extracted.
The time domain, frequency domain and nonlinear analysis of
HRV series were performed to obtain the time domain features:
meanHR, meanRR, SDNN, RMSSD, TINN, PNN50 and SDSD.
Frequency domain features: HF, LF, HFn, LFn, LFn/HFn, TP, VLF,
and nonlinear features: SD1, SD2, S, VLI, PI and CCM_l, a total
of 21 features, and their meanings are shown in Table 1, and the
computation of features such as SDNN, RMSSD, PNN50, SDSD,
and HFn and LFn are demonstrated in the Table 1.

These features above have been shown to have great relevance
in fatigue recognition (Huang et al., 2018; Murugan et al., 2020;
Butkeviciute et al., 2022; Ni et al., 2022; Chen et al., 2023) and
can accurately identify the mental fatigue state of the participants,
and whether mental fatigue improves after tES intervention can be
analyzed in terms of fatigue state using these features, so we used
these features for the assessment of the effect of tES intervention.

2.7 Statistical analyses

All statistical analyses were done using SPSS 26 software. For all
analyses, P < 0.05 was considered statistically significant. Prior to
statistical analyses, data were tested for normal distribution using
the Shapiro–Wilk test and for homogeneity of variance test using
the Levenes test, with P > 0.05 considered to be consistent with
normal distribution or homogeneity of variance.

Subjective fatigue scale scores were compared between different
states (pre-fatigue, post-fatigue, and post-stimulation) in each of
the three groups (tDCS group, tACS group, and blank group) using
one-way ANOVA, and if P < 0.05 then two-by-two tests were
performed using Bonferroni post-hoc test. Paired t-tests were used
to check whether there was statistical significance in performance
between the three different states (pre-fatigue, post-fatigue, and
post-stimulation) in the three groups. Independent samples t-tests
were used to compare whether there was statistical significance in
ECG features before and after the intervention within each group.

3 Results

3.1 Baseline level

In this study, a repeated measures ANOVA was performed
on participants’ baseline levels for the three experiments. The
results did not show any significant differences between the three
interventions (tDCS, tACS, and blank group) in subjective fatigue
scale scores (F = 0.491, p = 0.617), response time of test tasks
(F = 1.481, p = 0.245), and accuracy of test tasks (F = 0.082,
p = 0.921).

3.2 Subjective fatigue scale analysis

Higher scores on the subjective fatigue scale corresponded to
deeper fatigue. One-way ANOVA was performed on the different
states (pre-fatigue, post-fatigue, and post-stimulation) in each of
the three groups (tDCS group, tACS group, and blank group).

FIGURE 3

ECG acquisition scene graph.

TABLE 1 Meaning of HRV characteristics.

Domain of
features

Features Meaning

Time domain meanHR The average heart rate

meanRR The mean value of the RR interval

SDNN Standard deviation of RR interval
SDNN =

√
1
N

∑N
i=1(RRi − RR)2

RMSSD Root mean square of the difference between
adjacent RR intervals

RMSSD =
√

1
N−1

∑N−1
i=1 (RRi+1 − RRi)2

TINN Describe the RR interphase histogram
approximation of triangle bottom width

PNN50 NN50 as a percentage of the total RR interval
PNN50 = NN50

N × 100%

SDSD The difference between the maximum and
minimum values of the RR interval
SDSD =

√
1

N−1
∑N

i=1(RRi+1 − RRi)2

Frequency
domain

HF High frequency: 0.15–0.4 Hz

LF Low frequency band: 0.04–0.15 Hz

HFn Normalized high frequency power
HFn = HF

TP−VLF × 100%

LFn Normalized low frequency power
LFn = LF

TP−VLF × 100%

LFn/HFn The ratio of LFn to HFn

TP Total power

VLF Very low frequency band: 0.003–0.04 Hz

Nonlinear SD1 Poincare scatter plots were fitted to elliptic
semiminor axes

SD2 Poincare scatter plots were fitted to the
semi-major axis of the ellipse

SD1/SD2 Ratio of semi-minor axis to semi-major axis

S Poincare scatterplot fitting ellipse area

VLI Vector length exponent

PI The percentage of Porta index

CCM_I The middle phase sequence correlation
between multiple RR

Significant differences were found in the blank group (F = 12.49,
p < 0.001), tDCS group (F = 19.87, p < 0.001) and tACS group
(F = 18.21, p < 0.001). Two-by-two comparisons of arbitrary states
were then performed using the Bonferroni post-hoc test.
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FIGURE 4

Statistical chart of scale scores. **Means significantly different (P < 0.05).

Figure 4 provides a comparison of the subjects’ before and
after fatigue (pre-fatigue vs. post-fatigue) and before and after the
intervention (post-fatigue vs. post-stimulation). Firstly, it is noticed
that there is a significant difference between before and after fatigue
in the blank, tDCS and tACS groups (p < 0.001) and that the
scale scores of all three groups increased significantly after fatigue.
It indicates that the subjective fatigue level of the subjects was
significantly deepened after the TloadDback task induced fatigue in
subjective evaluation. Secondly, before and after the intervention,
there was a slow downward trend in the scores of the blank
group, which was not significant (P = 0.18), and a significant
downward trend in the scores of both the tDCS and tACS groups
(P < 0.001). It indicates that both the tDCS and tACS groups
had an effect on the fatigue relief of the participants in terms of
subjective evaluation.

In order to compare the effects of the tDCS and tACS
groups, the relative rates of change (see Equation 1) of the three
groups before and after the intervention (post-fatigue vs. post-
stimulation) were compared. The relative rates of change were
obtained by using the post-stimulation values subtracted from
the post-fatigue values, and finally compared to the post-fatigue
values, resulting in a value whose greater absolute value indicated
a better stimulation effect. Figure 5 compares the relative rates
of change between the two groups, and it can be seen that
the tACS group had the greatest downward trend compared to
the blank and tDCS groups. Further, Figure 6 demonstrates the
difference in scale scores for each subject after the tDCS and
tACS group interventions, respectively. It is worth noting that
in 6 out of 10 subjects, the tACS intervention provided better
relief than the tDCS intervention. These results may imply that
the tACS group had a more positive impact on fatigue relief than
the tDCS group.

Rate of change =
(valuepost-stimulation − valuepost-fatigue)

valuepost-fatigue
× 100%

(1)

3.3 Test task performance analysis

Performance on the test task consisted of the mean reaction
time (RT) and the correct rate (ACC) of the task. Since the time
interval between the appearance of each letter or number in the test
task was 800 ms, the difference in RT was too small to reflect the
variation in participants’ response rate. The following analysis then
analyses only the ACC of performance.

Table 2 exhibits the results of paired t-tests for ACC before and
after fatigue (pre-fatigue vs. post-fatigue) for the three groups, the
ACC of the blank (t = 5.882, P < 0.001), tDCS (t = 3.860, P < 0.05),
and tACS (t = 3.448, P < 0.05) groups decreased significantly. That
is, the correctness of participants’ responses after the TloadDback
task induced fatigue decreased.

Table 3 illustrates the effect of the intervention in the three
groups, after performing paired t-tests on the ACC before and after

FIGURE 5

Comparison of relative rates of change between groups. **Means
significantly different (P < 0.05).
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FIGURE 6

Comparison of SFS scores of tDCS and tACS after intervention.

intervention (post-fatigue vs. post-stimulation) for each of the three
groups, the ACC of the blank group had a weak upward trend but
was not significant (t = −1.936, P > 0.05) after the intervention,
whereas the ACC of the tDCS (t = −3.093, P < 0.05) and tACS
(t = −3.026, P < 0.05) groups increased significantly after the
intervention. It means that after electrical stimulation, both tDCS
and tACS groups enhanced the correctness of the participants.

Figure 7 exhibits a comparison of the effects of the tDCS and
tACS groups, that is, the relative rates of change (Equation 1) of
the three groups before and after the intervention (post-fatigue vs.
post-stimulation) were compared, the rate of change rose in the
tACS group was greater than that in the tDCS and blank groups.
Further, Figure 8 presents a comparison of ACC after tDCS and
tACS interventions for the 10 subjects, respectively. It is noteworthy
that 8 subjects had greater rate of correctness in the tACS group
than in the tDCS group. This indicates a greater improvement in
correct rate with tACS than with tDCS.

3.4 ECG analysis

Table 4 presents the trends and statistical information of 16
parameters of ECG, including time domain features meanHR,
meanRR, SDNN, RMSSD and SDSD, frequency domain features
HF, LF, HFn, TP, VLF, and nonlinear features SD1, SD2, S, VLI,
and PI, after performing fatigue-inducing tasks in the blank group,
tDCS group, and tACS group. Among them, meanHR and LFn
are in a decreasing trend and other features are in an increasing

trend. The analysis of fatigue level can be carried out using these
parameters, and it can be shown that fatigue was successfully
induced in all three groups.

Table 5 demonstrates the results of independent samples
t-tests or Mann–Whitney U-tests performed before and after
the intervention (post-fatigue vs. post-stimulation) for the
three groups. There were no significant difference between the
characteristics of the blank group (P > 0.05) before and after

TABLE 2 Comparison of accuracy (pre-fatigue vs. post-fatigue).

Group Pre-fatigue Post-fatigue t P

Blank 90.21± 5.60 84.68± 8.10 5.882 0.000

tDCS 89.00± 5.80 82.04± 8.50 3.860 0.004

tACS 89.56± 8.20 83.28± 9.70 3.448 0.007

Data are expressed as mean ± standard deviation. Bold fonts indicate significant
differences in the data.

TABLE 3 Comparison of accuracy (post-fatigue vs. post-stimulation).

Group Post-
fatigue

Post-
stimulation

t P

Blank 84.68± 8.10 86.76± 7.40 −1.936 0.085

tDCS 82.04± 8.50 88.44± 7.00 −3.093 0.013

tACS 83.28± 9.70 88.60± 7.10 −3.026 0.014

Data are expressed as mean ± standard deviation. Bold fonts indicate significant
differences in the data.
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FIGURE 7

Comparison of relative rates of change. **Means significantly
different (P < 0.05).

the intervention, only TINN characteristics of the tDCS group
(P = 0.046) had a significant difference, and the 11 characteristics
of the tACS group (P < 0.05), including SDNN, LF, HFn,
LFn, LFn, LFn/HFn, TP, VLF, SD2, SD1/SD2, VLI, and CCM_l,
had a significant differences. Among them, SDNN (t = −3.241,
P = 0.002), LF (t =−3.511, P = 0.001), LFn (t =−3.122, P = 0.002),
TP (t = −2.706, P = 0.008), VLF (t = −3.002, P = 0.004), SD2
(t = −3.594, P = 0.001) and VLI (t = −3.564, P = 0.001) showed
an increasing trend after the intervention, while HFn (t = 3.122,
P = 0.002), SD1/SD2 (t = 3.158, P = 0.002) and CCM_1 (t = 3.106,
P = 0.003) showed a decreasing trend. The tDCS group, although

there was no significant difference in these characteristics of SDNN,
LF, HFn, LFn, LFn, LFn/HFn, TP, VLF, SD2, SD1/SD2, VLI, and
CCM_l, had more or less the same trend of change. This means that
the tDCS and tACS groups have a positive effect on these features
and the tACS group has a significant effect.

In summary, mental fatigue affects a number of ECG
parameters. α-tACS at 10 Hz counteracted the development
of mental fatigue and significantly affected changes in ECG
parameters compared with the blank and tDCS groups.

4 Discussion

The purpose of this study was to compare the mitigating effects
of anodic tDCS and α-tACS on mental fatigue. To the best of our
knowledge, this is the first study to directly compare the mental
fatigue-relieving effects of tDCS and tACS in healthy youth. The
results generally indicate that both stimulus types can achieve relief
of mental fatigue. Quantitative and qualitative assessments were
performed using the subjective fatigue scale, test task performance,
and HRV characteristics of ECG signals, respectively. It can be
seen that the rate of change of decrease in subjective fatigue scale
scores and the rate of change of increase in test task ACC were
greater in the tACS group than in the tDCS group; and eleven of
the HRV features in the tACS group were significantly different
after the intervention, which was much more than the number of
features in the tDCS group. These indicated that tACS was more
effective than tDCS.

Despite the growing interest in transcranial electrical
stimulation for fatigue relief, results in the literature have
been mixed. The present study indicates that both tACS and tDCS

FIGURE 8

ACC comparison of tDCS and tACS after intervention.
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can achieve relief of mental fatigue, which is consistent with the
findings of Fortes et al. (2022). Whereas some findings indicated
that tES did not have beneficial effects on fatigue, in comparison
to the present study, Moreira et al.’s (2022) study used a different
stimulation time and a different group of subjects, whereas De
Guzman et al. (2023) stimulated the area of the primary motor
cortex. These differences in results may then be due to different
stimulus intensities, durations and subject populations. Our study
indicated a somewhat better effect of tACS, which is consistent
with the report of Martínez-Pérez et al. (2022) that the use of
tACS at 10 Hz can enhance alpha wave activity in frontal regions.
Improved cognitive control and attention levels. We used ECG
for mental fatigue discrimination to enable assessment of tES,
which is more convenient to acquire and easier to obtain than EEG
signals used by Liu et al. (2023) and magnetoencephalography
used by Kasten et al. (2018). The results of the study indicated
that the time-domain features SDNN, frequency-domain features
LF, HFn, LFn, LFn, LFn/HFn, TP, VLF, and nonlinear features
SD2, SD1/SD2, VLI, and CCM_l were significantly different
(p < 0.05) before and after the intervention. There is early evidence
that these features can be used to assess mental fatigue. Hao
et al. (2022) indicated that HR, RRn, SDNN, RMSSD, pNN50,
CV, HF, SD1, and SD2 parameters in ECG variability are useful
sensitivity parameters to reliably detect the presence of mental
load in personnel. Similarly it has been shown that the probability
density functions of SDNN, SDSD, VLF, HFnorm and LF/HF are
significantly different in both non-fatigued and fatigued states (Gao
et al., 2022). Anwer et al. (2023) on the other hand verified that
both linear and non-linear HRV analyses can be used to accurately
detect and classify fatigue levels. These demonstrate that ECG can
be effective in assessing the level of mental fatigue and in evaluating
the effectiveness of tES.

Research has shown that the alpha wave is a type of brain
wave associated with relaxation, concentration, and cognitive
control, among other things. After long hours of work or
study, people’s alpha wave activity decreases, which causes mental
fatigue (Li et al., 2023). Our use of α-tACS at 10 Hz in
the prefrontal cortex enhances α-wave activity in the frontal
region and alleviates mental fatigue. HRV is the change in
heartbeat interval. Under normal conditions, heartbeat intervals
change due to sympathetic and parasympathetic regulation.
HRV is a physiological indicator of the functional state of
the autonomic nervous system and has an important role in
assessing mental fatigue (Hao et al., 2022). In the present
study, intervention for mental fatigue using α-tACS at 10 Hz
increased the high-frequency component of HRV, which may
reflect enhanced regulation of the autonomic nervous system.
The high-frequency component is often considered an indicator
of parasympathetic influence, and its increase reflects a change
in the balance between sympathetic and parasympathetic nerves.
tACS promotes synchronized activity in cortical areas of the
brain. This synchronized activity may influence the regulation
of the autonomic nervous system through a neurofeedback
mechanism and increase the high-frequency component of HRV.
Meanwhile, we found that tACS significantly enhances the total
power of HRV, which reflects a rise in the sympathetic activity
and the overall activity of the autonomic nervous system, which
play a dominant role, and the degree of mental fatigue will
be reduced. The physiological mechanism of action for the
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TABLE 5 Three groups of ECG analysis (post-fatigue vs. post-stimulation).

Feature Blank tDCS tACS

X̄ P X̄ P X̄ P

meanHR 0.814 0.647 −0.403 0.824 0.545 0.657

meanRR −10.903 0.577 5.682 0.808 −6.356 0.641

SDNN −2.361 0.725 −7.501 0.290 −9.865 0.002

RMSSD −2.166 0.615 −4.769 0.562 −0.005 0.999

TINN 3.033 0.853 −31.168 0.046 −17.230 0.090

PNN50 −0.001 0.963 −0.012 0.792 0.007 0.817

SDSD −2.172 0.615 −4.775 0.562 −0.035 0.990

HF −126.742 0.625 −597.922 0.371 −63.690 0.747

LF −296.572 0.684 −958.115 0.205 −964.933 0.001

HFn 0.804 0.773 0.834 0.803 9.402 0.002

LFn −0.804 0.773 −0.834 0.803 −9.402 0.002

LFn/HFn 0.499 0.576 0.007 0.992 −2.248 0.005

TP −1079.290 0.567 −2634.019 0.203 −1801.064 0.008

VLF −655.976 0.483 −1077.983 0.195 −899.821 0.004

SD1 −1.536 0.615 −3.377 0.562 −0.024 0.990

SD2 −2.988 0.742 −10.261 0.235 −14.694 0.001

SD1/SD2 −0.007 0.640 0.008 0.792 0.068 0.002

S −1300.304 0.541 −3454.941 0.307 −1311.845 0.098

VLI −2.997 0.741 −10.319 0.234 −14.641 0.001

PI −0.208 0.722 −0.501 0.541 −0.926 0.335

CCM_l −0.003 0.664 0.003 0.832 0.039 0.003

X̄, mean difference before and after intervention, significant difference is represented by “P,” bold fonts indicate significant differences (P < 0.05) in the data.

significant effect of α-tACS at 10 Hz on HRV characteristics in
the present study may involve the influence of autonomic nervous
system regulation, neurofeedback mechanisms, and other aspects.
This finding provides some insight into the use of α-tACS to
modulate HRV features.

For the HRV features with significant differences obtained
in this study, we can use these significant features to assess the
effectiveness of mental fatigue interventions and make theoretical
support for the use of ECG signals to detect the effects of tES.
Of course, we can also use these features for further accurate
recognition of mental fatigue. That is, automated identification
and assessment of mental fatigue using some machine learning
or deep learning models for these significant features. Currently,
our study uses offline data for analysis. Then, furthermore, we can
establish a multilevel mental fatigue recognition model based on
ECG features, collect the ECG signals of the subjects in real time
and output the mental fatigue level in real time. Then, according
to the obtained results, a suitable intervention programme is given,
and the mental fatigue level of the subject is output in real time
after the intervention. The combination of real-time mental fatigue
detection based on ECG signals and intervention measures forms
a closed-loop system. Through this closed-loop system, we can
monitor the changes of ECG characteristics and mental fatigue
level in real time, evaluate the effectiveness of the intervention in
a timely manner, and adjust and optimize the guiding therapeutic
plan in a timely manner. This will facilitate the researcher to control

the stimulation duration and intensity of the transcranial electrical
stimulation device individually, and to be able to determine the best
personalized intervention plan for the subjects.

5 Conclusion

This study compared the intervention effects of anodal tDCS
and α-tACS in mental fatigue. The analysis of subjective fatigue
scales, test task performance and ECG features concluded that
anodal tDCS and α-tACS significantly reduced subjective fatigue
and increased correctness on the test task, while the degree of
change was greater in the α-tACS compared to the tDCS and
blank groups. For the HRV features extracted from ECG signals,
there were no significant differences in any of the features in
the blank group. tDCS group had significant differences only in
the feature TINN. Eleven features such as SDNN, LF, HFn, LFn,
LFn, LFn/HFn, TP, VLF, SD2, SD1/SD2, VLI, and CCM_l were
significantly different (P < 0.05) before and after intervention in
the tACS group. This indicated that both tDCS and α-tACS could
effectively alleviate mental fatigue, and α-tACS was more effective
than tDCS. This study provides theoretical support that tDCS and
α-tACS have a relieving effect on mental fatigue. It also validates
the use of ECG as an objective assessment tool for tES. This finding
provides some insights into the use of α-tACS to modulate HRV
characteristics to improve mental fatigue.
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In future work, more subjects of different age groups and
physical health levels will be included to improve the reliability of
tES used to relieve mental fatigue. Secondly, we selected a limited
number of stimulation parameters and a short stimulation duration
for tES, and in the future, more stimulation parameters should be
selected to compare their effects, expand the scope of the study, and
select the optimal combination of protocols for testing. Finally, the
use of other physiological signals and imaging techniques will be
considered to evaluate the intervention effects.
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