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Abstract: Pain is a multifaceted, multisystem disorder that adversely affects neuro-psychological
processes. This study compares the effectiveness of central stimulation (transcranial direct cur-
rent stimulation—tDCS over F3/F4) and peripheral stimulation (transcutaneous electrical nerve
stimulation—TENS over the median nerve) in pain inhibition during a cognitive task in healthy
volunteers and to observe potential neuro-cognitive improvements. Eighty healthy participants un-
derwent a comprehensive experimental protocol, including cognitive assessments, the Cold Pressor
Test (CPT) for pain induction, and tDCS/TENS administration. EEG recordings were conducted
pre- and post-intervention across all conditions. The protocol for this study was categorized into
four groups: G1 (control), G2 (TENS), G3 (anodal-tDCS), and G4 (cathodal-tDCS). Paired t-tests
(p < 0.05) were conducted to compare Pre-Stage, Post-Stage, and neuromodulation conditions, with
t-values providing insights into effect magnitudes. The result showed a reduction in pain intensity
with TENS (p = 0.002, t-value = −5.34) and cathodal-tDCS (p = 0.023, t-value = −5.08) and increased
pain tolerance with TENS (p = 0.009, t-value = 4.98) and cathodal-tDCS (p = 0.001, t-value = 5.78).
Anodal-tDCS (p = 0.041, t-value = 4.86) improved cognitive performance. The EEG analysis revealed
distinct neural oscillatory patterns across the groups. Specifically, G2 and G4 showed delta-power
reductions, while G3 observed an increase. Moreover, G2 exhibited increased theta-power in the
occipital region during CPT and Post-Stages. In the alpha-band, G2, G3, and G4 had reductions
Post-Stage, while G1 and G3 increased. Additionally, beta-power increased in the frontal region
for G2 and G3, contrasting with a reduction in G4. Furthermore, gamma-power globally increased
during CPT1, with G1, G2, and G3 showing reductions Post-Stage, while G4 displayed a global
decrease. The findings confirm the efficacy of TENS and tDCS as possible non-drug therapeutic
alternatives for cognition with alleviation from pain.

Keywords: pain; physiology; data analysis; signal transduction; transcranial direct current stimula-
tion; transcutaneous electrical nerve stimulation; Stroop task; cognition; feature extraction
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1. Introduction

Pain is a multisystem disorder that influences psychological and neurological processes
resulting in discomfort by evoking a maladaptive behavior reinforced by inadequate
treatment and misuse of medication [1]. Pain due to activation of afferent nerve fibers
in response to noxious thermal, chemical, or mechanical stimuli with potential to cause
threatening damage to non-neural tissue is characterized as nociceptive pain [2,3] and can
be induced by multiple approaches, some of which include the Peltier device, the Cold
Pressor Test, and the pin-prick test [4–7].

The interaction between pain and cognitive processes, notably attention, has gained
increasing interest. Pain serves as an alarming signal and indicates an inverse relationship
with a stimulus related to a cognitive response [8]. Within the psychosocial context, the
cognitive component of pain represents the integration of different components, including
attention, working memory, anticipation, and short-term and long-term memory [9]. It has
been reported in a meta-analysis that in healthy individuals, laboratory (experimentally)-
induced pain degrades the performance of attention-demanding tasks by directing it
towards pain location [10–12]. The attention-grabbing nature of pain highlighted in the
literature overstresses cognitive networks, especially in response to a pain-related sen-
sory stimulus, which diminishes the overall cognitive performance, most notably atten-
tion [13,14]. Considering the inverse relationship between pain and cognitive stimuli, pain
perception can be inhibited by engagement of cognitive tasks such as the N-back task,
Stroop task, visual span, digit span, and attention network task, thereby ensuring the
optimal performance of cognitive functions such as, response time, working memory, and
attention in the presence of pain distractors [13,15–17].

In order to enhance impaired cognitive functions and pain inhibition, a variety of
non-pharmacological neuromodulation (central and peripheral stimulation) modalities are
available, some of which include Repetitive Transcranial Magnetic Stimulation (rTMS),
Transcranial Direct Current Stimulation (tDCS), and Transcutaneous Electrical Nerve Stim-
ulation (TENS). TENS, a peripheral nerve stimulation technique, is widely known for its
analgesic effects produced by the activation of multiple peripheral and central inhibitory
mechanisms and is effective for both acute and chronic pain conditions [18–22]. In addition
to its hypoalgesic effect, it enhances cognitive and executive functions by activating brain
regions associated with cognitive processing [23–25].

tDCS, through anodal and cathodal stimulation, offers a promising solution for man-
aging neurological and psychological conditions by modulating neuronal functionality in
targeted brain regions [26–28]. Anodal-tDCS has been shown to increase excitability in the
cortex, whereas cathodal-tDCS has been shown to decrease excitability, highlighting its
potential therapeutic effects [29]. It is evident from prior studies that the dorsolateral pre-
frontal cortex (DLPFC) is responsible for the circuits of pain [30], including the attentional
circuit dedicated to noxious stimuli [31]. Previous studies performed in healthy volunteers
showed that stimulation of the DLPFC modulates cognitive functions by enhancing pain
inhibition and reducing pain perception for experimentally induced pain [32,33].

Relief in cold pain perception is also noticed when anodal-tDCS is applied to the left
primary motor cortex [34]. An escalated behavioral performance represented by higher
efficiency and efficacy in cognitive processes is also observed when the left prefrontal cortex
is stimulated with anodal-tDCS [35,36].

Studies conducted previously on pain inhibition and cognitive enhancement show
promising effects on neuromodulation modalities after the application of TENS and
tDCS [32,37,38], but comparisons between them are lacking. No evidence regarding the
effectiveness of central stimulation over peripheral stimulation has been reported in previ-
ous studies. Former studies investigating pain inhibition via peripheral nervous system
activation with TENS lack cognitive analysis, while those examining cognitive changes
have not considered experimentally induced pain in healthy subjects.

In light of this gap in the literature, the primary aims of this study were to compare
the effectiveness of central stimulation (tDCS) and peripheral stimulation (TENS) in pain
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inhibition during a cognitive task in healthy volunteers and to observe potential neurologi-
cal and cognitive improvements. This study specifically applied tDCS to the DLPFC over
F3/F4 (anodal-tDCS: anode-F3, cathode-F4; cathodal-tDCS: cathode-F3, anode-F4) [39,40]
and TENS to the median nerve [41,42]. The Cold Pressor Test (CPT) was used to induce
thermal pain [43,44]. Participants self-reported pain intensity and pain tolerance. Cognitive
performance was also measured with the Stroop test [45–47].

2. Materials and Methods
2.1. Participants

A total of 80 healthy participants (46 males and 34 females; 20–30 years (25.20 ± 2.06 years))
were recruited. Participants were screened to ensure they were not experiencing pain at
the time of recruitment, and those with other general diseases were excluded. Also,
the participants under the effect of analgesics, antihypertensives, and others were also
excluded. The protocols of the study were explicitly explained to all the participants, and
an informed consent form was voluntarily signed and submitted by the participants before
commencement of the experiments. The study was conducted with the approval of the
Research Ethic Committee, NED University of Engineering and Technology.

2.2. Experimental Procedure

The procedure was explained to the subjects, instructing them to sit down and relax.
EEG recordings were conducted while participants were in a state of relaxed eye-closure
for a duration of 5 min. Subsequently, the Stroop task, a cognitive assessment, was ad-
ministered. Following completion of the cognitive task, participants underwent the Cold
Pressor Test (CPT) to measure pain intensity and tolerance. Upon completion of the CPT,
participants received either anodal-tDCS, cathodal-tDCS, or TENS stimulation, lasting for
15 min. This comprised 10 min of sham stimulation, followed by an additional 5 min
of active stimulation, allowing participants to acclimate to the sensation. Following the
conclusion of the stimulation sessions, EEG recordings were once again obtained during
a 5-min period with eyes closed. In conclusion, participants performed the cognitive test
followed by the CPT. Brief breaks were permitted between sub-sessions.

The experimental procedure in this study involved categorizing participants into four
groups, ensuring an equal distribution of participants across each group. In the behavioral
and psychological assessment, there were 20 participants in each group. However, in
the neurological assessment, the number of participants in each group was limited to 12.
Among the four groups, one was the control group named G1, and this group did not
receive any neuromodulation, whereas electrical stimulation via TENS, anodal-tDCS, or
cathodal-tDCS was administered to each of the remaining groups, namely, G2, G3, and
G4, respectively. The stimulation via tDCS was administered to the dorsolateral prefrontal
cortex (F3/F4), whereas electrical stimulation via TENS was delivered to the medial nerve.
Each group underwent the seven stages as shown in Figure 1.

2.3. Cold Pressor Test for Pain Induction

The Cold Pressor Test is a preferred technique for inducing nociceptive thermal pain.
The experiment commenced in accordance with the guidelines recommended in prior
studies [4,48,49]. The Cold Pressor Test was conducted in a quiet room with no visual
or auditory distractions. The participants were comfortably seated in a convenient room
with a temperature of 26 ± 2 ◦C. Dometic Cool Fun CK 40D Hybrid (Mobicool, Zhuhai,
Guangdong, China) was employed, with the power of compressor cooling technology,
and conveniently adjusted the temperature of water at 1 ◦C to 3 ◦C. The participants were
instructed to submerge their dominant hand up to their wrist in icy cold water, and a
stopwatch was simultaneously activated to record the pain threshold, which was the time
latency to the initiation of pain sensation reported by each participant. The time at which
the participants withdrew their hand from the chilled water, when the intensity of pain
became unbearable, was also recorded and marked as their pain tolerance.
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Figure 1. Experimental setup and protocols for EEG data collection. The experimental procedure was
categorized into four groups (G1–G4), where G1 was the control and G2–G4 were subjected to special
neuromodulation interventions (TENS, anodal-tDCS, and cathodal-tDCS).

2.4. Transcranial Direct Current Stimulation

Transcranial Direct Current Stimulation (tDCS) current was applied using a constant
current stimulator (Brain Driver, Chicago, IL, USA). A pair of surface electrodes with a
surface area of 20 cm2 was employed for the administration of direct current. These surface
electrodes were soaked in saline solution to enhance conductivity. In all, 10–20 international
EEG system electrodes were placed over the DLPFC, which is the preferred brain area for
inducing electrical stimulations. Anodal-tDCS stimulation was delivered with an anode
positioned over F3 and a cathode placed over the F4. This electrode placement was reversed
for administration of cathodal-tDCS stimulation, with a cathode placed over F3 and an
anode placed over F4. An offline stimulation of 2 mA intensity was administered for 5 min
indicating that tDCS was not applied during the psychometric task of cognition and pain.

2.5. Transcutaneous Electrical Nerve Stimulation

Transcutaneous electrical nerve stimulation (TENS) was delivered using a portable
battery-powered TENS stimulator (InTENSity Select Combo II, St. Louis, USA). A symmet-
rical biphasic rectangular wave TENS signal was administered via a pair of self-adhesive
surface electrodes of 5 cm × 5 cm. The electrodes were strategically positioned over the
median nerve, which governs sensations in the dominant hand subjected to thermal pain
induction via CPT. They were specifically placed on the wrist, positioned above the hand
immersed in cold water [42,50]. An output frequency of 100 Hz, an electrode impedance
(below 2 KΩ) and pulse width of 100 microseconds, and a current intensity of 10 mA were
delivered for 5 min.

2.6. EEG Data Acquisition

For the purpose of acquiring real time EEG data, an Emotive Epoc device (Emotive Inc.,
San Francisco, CA, USA) with a sampling frequency of 128 Hz was employed. Emotive Epoc
is a wireless EEG headset comprising 14 channels and saline-based electrodes. The location
of the 14 electrodes of the Emotive EPOC were in accordance with the 10–20 international
system of EEG montage, with the electrodes placed at AF3, AF4, F3, F4, F7, F8, FC5, FC6,
P7, P8, T7, T8, O1, and O2.
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2.7. EEG Data Analysis

EEG signal processing was conducted offline, for which a fifth-order high-pass IIR
filter was set to 1 Hz, and a notch filter of 49.5 to 50.5 Hz by using (1) [51] was employed to
eliminate noise from the line frequency.

y(m) =
N

∑
k=1

aky(m − k) (1)

The Welch method was applied for the estimation of spectral density by using (2) [52].

Pwelch( f ) =
1
k ∑k−1

k=0|FFT[xk[n]]|2 (2)

Here, k is the number of segments and Xk( f ) is the Fourier transform of the k-th
segment. The FFT is typically used to efficiently compute the Fourier transform.

The sampled data are segmented to improve spectrum estimation. In order to conserve
the quality of the EEG and reduce the power spectral variance, a delicate balance is required
between the segment length and the overlap rate. In the current study, a Hanning window
of length 512 samples corresponded to the data of 4 s with a 50% overlap to avoid spectral
variance. A resolution of 0.25 was achieved with the Welch method. Therefore, the mean
of the power spectrum (3) [53] was computed across five frequency bands: delta (1–4 Hz),
theta (4–8 Hz), alpha (8–12 Hz), beta (13–30 Hz), and gamma (30–40 Hz).

If the PSD estimate Pwelch( f ) for each frequency bin or band was achieved, the mean
power spectrum

(
P( f )

)
was computed as follows:

P( f ) =
1
N ∑N

i=1 Pwelch,i( f ) (3)

2.8. Behavioral Assessment
2.8.1. Numeric Pain Scale

The pain intensity was rated using the Numeric Pain Scale ranging from 0 to 10, where
0 represents no pain and 10 corresponds to extremely severe pain [54] as shown in Figure 2.
During CPT, participants mark the number that represents their pain level.
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Figure 2. Standardized 11-point Numeric Pain Scale. A ‘0’ represents no pain, and a ‘10’ represents
extremely severe pain.

2.8.2. Stroop Task

For the purpose of evaluating attentiveness, the Stroop task was performed for 6 min.
A string of a consistent color word and an inconsistent color word and geometric shapes
were presented on a screen as the stimulus. The participants were instructed to press the
right arrow key on the keyboard if the color of the geometric shape color and the color of
the word matched either diagonally or in parallel; otherwise, they were instructed to press
the left arrow key on the keyboard, as shown in Figure 3.
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Figure 3. Pictorial representation of the Stroop task used in the study. For congruent pairs of
geometric shape color and text color, participants pressed the right arrow; for incongruent pairs, they
pressed the left one.

The stimuli stayed on the computer screen for 3 s, and the task participant was
then allowed to respond. Since two cognitive tasks are being processed by the brain
simultaneously, this leads to an increase in cognitive load, and the response times of the
participants vary. This helps to determine the cognitive speed, attentional capacity, and
response time of the individual. The test was administered pre- and post-application of
tDCS. The Stroop test score was calculated by using (4).

Stroop_Score =
Correct_Response

Total_Response
× 100 (4)

Here, Correct_Response is the number of correct responses given by the participant
during the Stroop test.

Total_Responses is the total number of trials attempted by the participant.

2.8.3. Statistical Analysis

A significant effect of neuromodulation on pain tolerance, pain inhibition, and cogni-
tive test results (the Stroop test score) was evaluated using the pairwise t-test for different
stimulation types (anodal-tDCS, cathodal-tDCS, TENS, and control) and stimulation condi-
tion (Pre-Stage and Post-Stage). The t-values were calculated by using (5) for Pre-Stage,
Post-Stage, and neuromodulation conditions All results are expressed and stated as the
mean ± standard error of the mean, and p < 0.05 was set as the significance level.

t =
A1 − A2

SD
/√

Np
(5)

Here, A1 and A2 are the sample means of the two conditions (Pre-Stage and Post-Stage).
SD is the standard deviation of the difference between the paired observations.
Np is the number of paired observations.
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The Cohen method was utilized to determine the effect size and ascertain whether
the training-induced changes hold practical significance, thereby ensuring against false
positives in behavioral alterations within the Post-stage [7]. The effect size was computed
for the Stroop test score, pain intensity, and pain tolerance. This involved subtracting the
mean Stroop test scores of the two groups and dividing by the pooled standard deviation
(refer to (6)). Likewise, the effect size was determined for the mean and standard deviation
of the pain intensity and pain tolerance across group pairs employing the same formula
(Equation (6)). The effect sizes exceeding 0.8 were deemed large, while those falling between
0.4 and 0.8, as well as those below 0.4, were categorized as medium and low effect sizes,
respectively [7].

Cohen d =
M1 − M2√

SD1(n1−1)+SD2(n2−1)
n1+n2−2

(6)

where M1 and M2 are the mean values, SD1,2 are the standard deviations, and n1,2 are the
sample sizes of two variables.

3. Results

Initially, we performed an interim analysis on the first seven participants per group
(total 28 participants) to calculate the effect size and statistical power for the groups
showing significant changes in cognitive score, pain intensity, and pain tolerance level.
G2 displayed significant changes in both pain intensity (d = 1.21, SP = 76.01%) and pain
threshold (d = 1.72, SP = 96.33%), whereas G4 underwent significant changes in pain
intensity (d = 1.48, SP = 90.04%) and pain tolerance (d = 1.56). G3 displayed a significant
change in Stroop test scores (d = 1.49, SP = 90.4%). Based on the statistical power analysis
and these above effect sizes for each group, a maximum sample size of 19 participants per
group (total 76) was required to conduct this study when p < 0.025 for SP = 90%. We used
the first 28 participants for both the interim and final analyses. Therefore, to avoid false
positives due to this multiple comparison, we set p < 0.025 rather that p < 0.05.

Analysis of demographic data revealed no statistically significant difference (p > 0.05) in
age across all four groups (G1 = 25.1± 2.12 years, G2 = 25.6± 2.76 years, G3 = 25.5 ± 2.17 years,
G4 = 24.9 ± 2.33 years). Each group comprised 20 participants, with 6 females in groups
G1 and G4 and 5 females in G2 and G3.

All 80 participants were involved in the present study. However, 32 participants chose
not to wear the EEG device (Emotive Inc., San Francisco, US) during the entire experiment
due to discomfort but still completed the experiment without wearing the device. The
48 remaining participants, with 12 in each group, completed the experiment wearing the
EEG device. They received both tDCS and TENS electrical stimulations and underwent
experimentally induced pain via CPT, with no persistent negative effects noted.

3.1. Psychological Analysis
3.1.1. Effects of Electrical Stimulation on Pain Perception

Figure 4 demonstrates the effects of neuromodulation on pain perception (i.e., pain
intensity and pain tolerance) for the CPT1 (black bars) and CPT2 pain assessments (gray
bars) for all four groups (G1, G2, G3, and G4). Sub-figure (a) shows the mean pain intensity
level for the participants in both CPT1 and CPT2, while sub-figure (b) shows the mean pain
tolerance level for the participants in both CPT1 and CPT2. Also, the significant changes in
the pain intensity and pain tolerance level in CPT2 as compared to CPT1 are marked by an
asterisk (*) at the top of each bar.

The outcomes for pain perception for neuromodulation modalities of tDCS (anodal
and cathodal) and TENS were compared to determine their effectiveness using the visual
analog scale. The pain intensity scores of TENS (G2) (p = 0.002, t-value = −5.34), anodal-
tDCS (G3) (p = 0.061), and cathodal-tDCS (G4) (p = 0.023, t-value = −5.08) exhibited a
significant difference when compared to the control group (G1). The maximum efficacy
was obtained by administering TENS to the median nerve with a pain tolerance of p = 0.009,
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t-value = 4.98. Cathodal-tDCS (G4) to the DLPFC also indicated an augmented endurance
to pain with a tolerance value of p = 0.001, t-value = 5.78. However, application of anodal-
tDCS to the DLPFC revealed a moderate effect on pain tolerance with p = 0.082.
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Figure 4. Pain Assessment. Comparison between CPT1 (black bars) and CPT1 pain assessments (gray
bars) for all four groups (G1, G2, G3, and G4). Sub-figure (a) shows the mean pain intensity level
obtained by the participants, while sub-figure (b) shows the mean pain tolerance level. Significant
changes (p < 0.05) are marked by ‘*’ above the bars.

3.1.2. Influence of Electrical Stimulation on the Stroop Test Task

Figure 5 demonstrates the effects of neuromodulation on a cognitive task (i.e., Stroop
test) for Stroop Test1 (black bars) and Stroop Test2 cognitive assessments (gray bars) for all
four groups (G1, G2, G3, and G4). The figure shows the mean Stroop test score obtained for
the participants in both Stroop Test1 and Stroop Test2. Also, the significant changes in the
Stroop test score for Stroop Test2 as compared to Stroop Test1 are marked by an asterisk
(*) at the top of each bar. To examine the effectiveness of non-pharmacological central and
peripheral stimulants on cognition, particularly attention, the Stroop test was performed.
An intra-group comparison revealed a significant difference in cognitive performance,
with a reduction in omission and wrong replies, indicating an overall enhancement; this
finding was most evident with administration of anodal-tDCS with a p value of 0.041 and
t-value = 4.86. A moderate beneficial effect was observed with TENS and cathodal-tDCS
with p = 0.059 and 0.067, respectively.
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Figure 5. Stroop task performance. Comparison between a cognitive task (i.e., Stroop task score)
for Stroop Test1 (black bars) and Stroop Test2 (gray bars) for all four groups (G1, G2, G3, and G4).
Significant changes (p < 0.05) are marked by ‘*’ above the bars.
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3.2. Neurological Analysis

In this study, EEG recordings were conducted in a resting state under both eyes-open
and eyes-closed conditions across four different groups, with Group 1 serving as the control.
Utilizing t-tests for comparison, our analysis revealed no statistically significant differences
in Pre-Stage EEG results for all four groups. Figure 6 shows the EEG power for G1, G2, G3,
and G4 within the delta-band.
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Figure 6. EEG power for G1, G2, G3, and G4 within the delta-band. The first row shows the mean of
the Pre-Stage, CPT1, and Post-Stage for each group (G1, G2, G3, and G4). The second row shows the
significant difference between Pre-Stage vs. CPT1 and Pre-Stage vs. Post-Stage across all groups. The
third row shows the significant difference between CPT1 vs. Post-Stage for all groups. Reductions in
significant power are denoted by black, while increases are represented by grey.

The first row shows the mean power of the Pre-Stage, CPT1, and Post-Stage EEG
for each group. The second row shows a significant difference between the Pre-Stage
and CPT1 as well as post-stages across all groups. The third row shows the significant
difference between CPT1 vs. Post-Stages for all groups. Black circles indicate reductions in
significant power, and grey circles indicate increases. Specifically, there was a significant
global increase in the delta power in the CPT1 condition, and a significant increase only in
the frontal region was observed in the Post-Stage of G3 compared to the Pre-Stage EEG.
Conversely, there was a significant decrease in the delta power in the Post-Stage EEG of
G2 and G4 compared to the Pre-Stage. When compared to the CPT1 condition, G2 and
G4 significantly decreased in the frontal region, while G3 increased in the parietal and
occipital regions.

Figure 7 shows the EEG power of G1, G2, G3, and G4 within the theta-band. The
first row shows the mean power of the Pre-Stage, CPT1, and Post-Stage for each group.
The second row shows a significant difference between the Pre-Stage and CPT1 as well as
Post-Stage across all groups. The third row shows a significant difference between CPT1 vs.
Post-Stage for all groups. Black circles indicate reductions in significant power, and grey
circles indicate increases. Specifically, there was a significant increase in the theta power
in the occipital region in the CPT1 condition and Post-Stage of G2, while no significant
changes were observed in other groups as compared to Pre-Stage. When compared to
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the CPT1 condition, G1 and G3 significantly decreased in the parietal region, while G4
increased in the parietal and occipital regions.
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Figure 7. EEG power in G1, G2, G3, and G4 within the theta-band. The first row shows the mean of
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Figure 8 shows the EEG power for G1, G2, G3, and G4 within the alpha-band. The
first row shows the mean power of the Pre-Stage, Pain-1, and Post-Stage for each group.
The second row shows the significant difference between the Pre-Stage and CPT1 as well
as Post-Stages across all groups. The third row shows the significant difference between
CPT1 vs. Post-Stages for all groups. Black circles indicate reductions in significant power,
and grey circles indicate increases.

Specifically, there was a significant global decrease in the alpha power in the CPT1
condition, and a significant decrease only in the occipital and parietal region was observed
in the Post-Stage of G2, G3, and G4 compared to the Pre-Stage. Conversely, there was a
significant decrease in the alpha power in the Post-Stages of G1 in the frontal region. When
compared to the CPT1 condition, G1 and G3 significantly increased in the occipital and
parietal region only, while G2 and G4 increased in the frontal, parietal, and occipital regions.

Figure 9 shows the EEG power of G1, G2, G3, and G4 within the beta-band. The first
row shows the mean power of the Pre-Stage, CPT1, and Post-Stage for each group. The
second row shows the significant difference between the Pre-Stage and CPT1 as well as
Post-Stage across all groups. The third row shows the significant difference between CPT1
vs. Post-Stages for all groups. Black circles indicate reductions in the significant power,
and grey circles indicate increases. Specifically, significant global increases in the beta
power were observed for the CPT1 condition as well as following stages of G1. Beta power
also increased significantly in the frontal region in both G2 and G3 in their Post-Stage as
compared to Pre-Stage. But there was a significant reduction (Post-Stage) in the beta power
in the frontal region observed in G4. When compared to the CPT1 condition, G2 and G3
significantly decreased in the frontal region only, while G4 globally decreased.
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Figure 8. EEG power in G1, G2, G3, and G4 within the alpha-band. The first row shows the mean of
the Pre-Stage, CPT1, and Post-Stage for each group (G1, G2, G3, and G4). The second row shows the
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Figure 9. EEG power for G1, G2, G3, and G4 within the beta-band. The first row shows the mean of
the Pre-Stage, CPT1, and Post-Stage for each group (G1, G2, G3, and G4). The second row shows the
significant difference between Pre-Stage vs. CPT1 and Pre-Stage vs. Post-Stage across all groups. The
third row shows the significant difference between CPT1 vs. Post-Stage for all groups. Reductions in
significant power are denoted by black, while increases are represented by grey.
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Figure 10 shows the EEG power for G1, G2, G3, and G4 within the gamma-band. The
first row shows the mean power of the Pre-Stage, Pain-1, and Post-Stage for each group.
The second row shows the significant difference between the Pre-Stage and CPT1 as well as
Post-Stage across all groups. The third row shows the significant difference between CPT1
vs. Post-Stages for all groups. Black circles indicate reductions in the significant power,
and grey circles indicate increases. Specifically, significant global increases in the gamma
power were observed for the CPT1 condition as compared to Pre-Stage. The gamma power
also increased significantly in the parietal and occipital region in the Post-Stage of G1 as
compared to Pre-Stage. But there was a significant reduction (Post-Stage) in the gamma
power in the same region observed in G4. When compared to the CPT1 condition, G1, G2,
and G3 exhibited a significant decrease in the frontal and occipital region only, while G4
displayed a global decrease.

Biomedicines 2024, 12, x FOR PEER REVIEW 13 of 19 

Figure 10. EEG power in G1, G2, G3, and G4 within the gamma-band. The first row shows the mean 
of the Pre-Stage, CPT1, and Post-Stage for each group (G1, G2, G3, and G4). The second row shows 
the significant difference between Pre-Stage vs. CPT1 and Pre-Stage vs. Post-Stage across all groups. 
The third row shows the significant difference between CPT1 vs. Post-Stage for all groups. Reduc-
tions in the significant power are denoted by black, while increases are represented by grey. 

4. Discussion
The current study investigated the effectiveness of neuromodulation techniques on 

pain inhibition and cognitive function of attention. This study demonstrates enhancement 
of attention and amelioration of pain perception when tDCS and TENS are applied to 
healthy participants. These improvements are evident in both behavioral and neurological 
assessments. Behavioral improvements are observed with improved Stroop task scores 
for cognition enhancement, and pain inhibition is noticeable by Numeric Pain Scale rat-
ings supported by neurological evaluation with topoplot spectral analysis. 

The novel finding of this study is that anodal-tDCS to DLPFC improves attention, an 
important component of cognition, compared to cathodal-tDCS. In contrast, when a pain-
ful stimulus is administered, cathodal-tDCS stimulations are effective in augmenting pain 
inhibition. These findings are extendable to TENS, which replicates the same results by 
supplementing attention and elevating pain perception. 

Anodal-tDCS to the DLPFC in the current study leads to an increase in Stroop task 
performance representing an improvement in a higher level of concentration and eventu-
ally alertness [55]. The results are congruent with previous studies highlighting improved 
cognitive performance and reduced confusion in different meanings of a word, implying 
the role of the DLPFC in cognitive function such as working memory and attention [56–
60]. This leads to inferences in healthy individuals as well as those with clinical conditions 
such as Parkinson’s disease, Alzheimer’s dementia, and others where cognitive functions 
are compromised. The possible underlying mechanism may also be related to dopamine 
neurotransmission, as evidenced by studies demonstrating its enhancement in association 
with attentional improvement [61,62]. Studies show that anodal-tDCS may result in do-
pamine activation, leading to improved attention and working memory in patients [63,64]. 
These findings are in line with our results, indicating that anodal-tDCS stimulation of the 
DLPFC might increase the cognitive function level by improving the Stroop task perfor-
mance and lowering the number of errors. 

Significant positive influence of TENS treatment on the interference score was found 
during Stroop task performance. Additionally, verbal and visual short-term and long-

Figure 10. EEG power in G1, G2, G3, and G4 within the gamma-band. The first row shows the
mean of the Pre-Stage, CPT1, and Post-Stage for each group (G1, G2, G3, and G4). The second row
shows the significant difference between Pre-Stage vs. CPT1 and Pre-Stage vs. Post-Stage across all
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4. Discussion

The current study investigated the effectiveness of neuromodulation techniques on
pain inhibition and cognitive function of attention. This study demonstrates enhancement
of attention and amelioration of pain perception when tDCS and TENS are applied to
healthy participants. These improvements are evident in both behavioral and neurological
assessments. Behavioral improvements are observed with improved Stroop task scores for
cognition enhancement, and pain inhibition is noticeable by Numeric Pain Scale ratings
supported by neurological evaluation with topoplot spectral analysis.

The novel finding of this study is that anodal-tDCS to DLPFC improves attention,
an important component of cognition, compared to cathodal-tDCS. In contrast, when a
painful stimulus is administered, cathodal-tDCS stimulations are effective in augmenting
pain inhibition. These findings are extendable to TENS, which replicates the same results
by supplementing attention and elevating pain perception.
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Anodal-tDCS to the DLPFC in the current study leads to an increase in Stroop task
performance representing an improvement in a higher level of concentration and eventu-
ally alertness [55]. The results are congruent with previous studies highlighting improved
cognitive performance and reduced confusion in different meanings of a word, implying
the role of the DLPFC in cognitive function such as working memory and attention [56–60].
This leads to inferences in healthy individuals as well as those with clinical conditions such
as Parkinson’s disease, Alzheimer’s dementia, and others where cognitive functions are
compromised. The possible underlying mechanism may also be related to dopamine neu-
rotransmission, as evidenced by studies demonstrating its enhancement in association with
attentional improvement [61,62]. Studies show that anodal-tDCS may result in dopamine
activation, leading to improved attention and working memory in patients [63,64]. These
findings are in line with our results, indicating that anodal-tDCS stimulation of the DLPFC
might increase the cognitive function level by improving the Stroop task performance and
lowering the number of errors.

Significant positive influence of TENS treatment on the interference score was found
during Stroop task performance. Additionally, verbal and visual short-term and long-
term memory performance was sustained with peripheral stimulation in patients with
cognitive impairment and memory decline [65,66]. Previous research has also confirmed
the activation of the brain regions related to focus when TENS is applied to the median
nerve [67,68]. Therefore, a positive impact on executive brain functions of small to moderate
strength is anticipated with TENS stimulation, as it is going to mimic the activity of the
prefrontal cortex and anterior cingulate cortex, which are regions responsible for attention.

An increment in the theta frequency band power spectral density alongside a decline
in the alpha power spectral strength is a sign of alertness and attentiveness [69]. An increase
in the theta oscillatory power is essential for cognitive information processing like learning,
memory encoding, and creative activities [70,71]. This present study shows that the power
spectrum is increased immediately after performing the Stroop test, which may be due to
the activation of definite brain regions such as the prefrontal cortex and anterior cingulate
cortex that plays an important role in cognitive functions as reported through fMRI, EEG,
and PET studies [69,72–74]. As discussed in the present study, the same findings have been
observed in other studies that have reported synchronization of theta while the alpha is
desynchronized for memory demanding task [75,76].

Earlier studies argued that DLPFC is the most suitable target for exerting additional
analgesic effects of tDCS [77]. In this study, the CPT (Cold Pressor Test) was applied as a tool
for inducement of sensory and painful distractor or pain stimuli. To help reduce the effect
of ambient temperature on the pain perception measures, temperature was held relatively
stable. Participants in this study used the numerical pain scale to rate their pain level as
well. A drop in subjective pain rating was recorded, reflecting the fact that after cathodal-
tDCS stimulation, the subjects faced increased pain inhibition, because their perceptual
threshold of pain was raised compared to them after anodal-tDCS stimulation. The results,
therefore, are consistent with earlier studies carried out either on healthy individuals or
on those with spinal cord injury [78,79]. In addition, these findings had corroboration
from a previous study showing pain relief as a result of anodal-tDCS stimulation of the
somatosensory cortex [80]. While this research showed no shift in objective pain threshold
values, a past study noted no change in subjective pain threshold scores [81].

Contrary to the findings of the present study, anodal-tDCS to the DLPFC was reported
to increase high thermal pain tolerance threshold. Analogously, an increment in the
electrical pain threshold was observed in another study with anodal-tDCS without any
comparison to cathodal-tDCS [82]. Consistent with this, an increment in time latencies
to pain threshold and pain tolerance was also observed for anodal-tDCS stimulation of
primary motor areas resulting in increases in the cold pain threshold and tolerance [34].
Among different regions of the brain, tDCS over motor cortex yields most favorable results
for alleviation of chronic pain as indicated in a review of previous studies [83]. Anodal-tDCS
of M1 also exhibited ameliorated chronic pain and so was recommended as a promising
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method for the treatment and management of such pain specifically as fibromyalgia,
neuropathic pain and back pain [84].

In the present study, electrical stimulation with TENS is also associated with pain
relief. Somatic stimulation inhibits pain signals via activation of central and peripheral
mechanisms. TENS has been found to be an effective non-pharmacological treatment in
patients suffering from pain [85]. An elevated ice pain threshold to relieve experimentally
induced cold pain is also noted with conventional electrical stimulation by TENS [86]. TENS
has been reported to be effective in relieving experimental and clinical pain by increasing
pain threshold in healthy control individuals as well as in clinical pain population and can
therefore be used as a complementary treatment to medication [87].

Multiple studies have been conducted that have employed CPT to study EEG rhythms
in healthy individuals. In the current study, visual inspection of EEG topographs reveals
a significantly raised high-frequency (beta and gamma) activity, increased low-frequency
(theta) activity, and a degraded medium-frequency (alpha) activity during the CPT. These
characteristics of the EEG power spectrum are in line with previous studies, which reflect an
increased activity in the beta-frequency band and diminished activity in the alpha-frequency
band in cold pain during a comprehensive analysis of the EEG power spectrum [88,89].
Both alpha and beta rhythms are considered to be a potential indicator of pain, where
decline in the alpha power capacity and an elevated beta power intensity constitute an
integral biomarker of pain. Enhanced beta activity has been found to be associated with an
increased response to cold pain stimuli. Analogously, a reduction in the activity in the alpha
band has been interpreted as attention processing towards a nociceptive signal [90,91].
Evidence suggests that gamma oscillation is also an indicator of pain perception and
pain processing and is found to be associated with the intensity of the perceived pain.
A significant enhancement of the total gamma power post-induction of pain in healthy
individuals corresponds to the fact of paying more attention to pain causing stimuli [92].

A reduced gamma activity and an increased alpha and theta activity post-administration
of TENS and tDCS (anodal and cathodal) is evident in the present study. This is consistent
with the findings of previous studies, which indicate enhanced alpha power and reduced
activity of the gamma band triggered when diverting attention from pain processing and
thereby exhibiting effectiveness of neuromodulation in healthy participants [93]. The
efficacy of neuromodulation methods can be explained by the brain gate theory in such
a way that the electrical stimulation from these modalities delivers an even stronger
input to the central nervous system compared to pain, which in turn restrains and blocks
transmission and processing of nociceptive stimuli from neuron to brain.

While unveiling the dual benefits of TENS and tDCS for pain relief and cognitive en-
hancement in healthy individuals, this study has inherent limitations. The exclusive focus
on healthy participants may limit direct applicability to clinical populations. Short-term
assessments might not fully capture long-term effects, and the individual comparison of
anodal-tDCS, cathodal-tDCS, and TENS leaves questions about relative effectiveness. More-
over, the duration for which the effect of neuromodulation endured was not elucidated.
Furthermore, the neurological changes in the deep cortical structures and connectivity
changes in brain regions related to the pain matrix and cognitive functions are not inves-
tigated [94–96]. Furthermore, future studies can explore the role of neuromodulation in
low back pain patients on the effectiveness of pain relieving interventions such as trunk
orthosis [97]. Moreover, neuromodulation can combine sensor fusion techniques with EEG,
EMG, and IMU data [98] to apply machine learning for evaluating variations between an
individual’s intention and performance. Notwithstanding, the findings confirm the efficacy
of TENS and tDCS as possible non-drug therapeutic alternatives for cognition as well as
alleviation of pain.

5. Conclusions

The findings confirm the efficacy of TENS and tDCS as possible non-drug therapeutic
alternatives for cognition as well as alleviation of pain.



Biomedicines 2024, 12, 1269 15 of 18

Author Contributions: The study’s conception and design were worked on by all of the authors.
M.D.M. and M.A.H., data collection and processing; M.D.M., M.A.H. and A.Z.R., data analysis and
interpretation; M.D.M., F.M., M.A.H. and H.S., interpretation and setting objective; M.D.M., A.I.
and M.U.M., drafting of the manuscript; and M.A.H., A.Z.R., N.B., S.A.Q. and M.N., assessment
of work for crucial intellectual substance and final approval. The funding for this initiative was
organized in part by N.B., F.M. and S.A.Q. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted with approval from the Research
Ethics Committee, NED University of Engineering & Technology, Karachi, Pakistan (Protocol Code:
ASRB/1592).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
not publicly available due to privacy and ethical concerns but are available from the corresponding
author on reasonable request.

Acknowledgments: The authors would like to extend their sincere appreciation to the Researcher
supporting program project number (RSPD2024R1114) King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Breznitz, S. The Effect of Purposeful Activity on Pain Tolerance. Soc. Res. 1999, 66, 629–652.
2. Harvey, A.M. Classification of Chronic Pain—Descriptions of Chronic Pain Syndromes and Definitions of Pain Terms. Clin. J.

Pain 1995, 11, 163. [CrossRef]
3. Nijs, J.; Apeldoorn, A.; Hallegraeff, H.; Clark, J.; Smeets, R.; Malfliet, A.; Girbé, E.L.; De Kooning, M.; Ickmans, K. Low Back Pain:

Guidelines for the Clinical Classification of Predominant Neuropathic, Nociceptive, or Central Sensitization Pain. Pain Physician
2015, 18, E333–E346. [CrossRef] [PubMed]

4. Mitchell, L.A.; MacDonald, R.A.; Brodie, E.E. Temperature and the Cold Pressor Test. J. Pain 2004, 5, 233–237. [PubMed]
5. Mujib, M.D.; Rao, A.Z.; Hasan, M.A.; Ikhlaq, A.; Buzdar, S.A.; Qazi, S.A. Frontal Cortex Cooling and Modulation of Brain

Frequencies Using a Wearable Peltier Device. Phys. B Condens. Matter 2023, 652, 414641. [CrossRef]
6. Romano, C.L.; Cecca, E. A New Method to Reduce Pin-Prick Pain of Intra-Muscular and Subcutaneous Injections. Minerva

Anestesiol. 2005, 71, 609. [PubMed]
7. Mujib, M.D.; Hasan, M.A.; Qazi, S.A.; Vuckovic, A. Understanding the Neurological Mechanism Involved in Enhanced Memory

Recall Task Following Binaural Beat: A Pilot Study. Exp. Brain Res. 2021, 239, 2741–2754. [CrossRef] [PubMed]
8. Ayache, S.S.; Palm, U.; Chalah, M.A.; Al-Ani, T.; Brigno, A.; Abdellaoui, M.; Dimitri, D.; Sorel, M.; Créange, A.; Lefaucheur, J.P.

Prefrontal TDCS Decreases Pain in Patients with Multiple Sclerosis. Front. Neurosci. 2016, 10, 147. [CrossRef] [PubMed]
9. Mylius, V.; Jung, M.; Menzler, K.; Haag, A.; Khader, P.H.; Oertel, W.H.; Rosenow, F.; Lefaucheur, J.P. Effects of Transcranial Direct

Current Stimulation on Pain Perception and Working Memory. Eur. J. Pain 2012, 16, 974–982. [CrossRef] [PubMed]
10. Attridge, N.; Keogh, E.; Eccleston, C. The Effect of Pain on Task Switching: Pain Reduces Accuracy and Increases Reaction Times

across Multiple Switching Paradigms. Pain 2016, 157, 2179–2193. [CrossRef] [PubMed]
11. Moore, D.J.; Keogh, E.; Eccleston, C. The Interruptive Effect of Pain on Attention. Q. J. Exp. Psychol. 2012, 65, 565–586. [CrossRef]

[PubMed]
12. Van Damme, S.; Crombez, G.; Lorenz, J. Pain Draws Visual Attention to Its Location: Experimental Evidence for a Threat-Related

Bias. J. Pain 2007, 8, 976–982. [CrossRef] [PubMed]
13. Verhoeven, K.; Stefaan, V.D.; Christopher, E.; Van Ryckeghem Dimitri, M.L.; Valéry, L.; Geert, C. Distraction from Pain and

Executive Functioning: An Experimental Investigation of the Role of Inhibition, Task Switching and Working Memory. Eur. J.
Pain 2011, 15, 866–873. [CrossRef] [PubMed]

14. Roe, J.M.; Nesheim, M.; Mathiesen, N.C.; Moberget, T.; Alnæs, D.; Sneve, M.H. The Effects of TDCS upon Sustained Visual
Attention Are Dependent on Cognitive Load. Neuropsychologia 2016, 80, 1–8. [CrossRef] [PubMed]

15. Awh, E.; Vogel, E.K.; Oh, S.H. Interactions between Attention and Working Memory. Neuroscience 2006, 139, 201–208. [CrossRef]
[PubMed]

16. Legrain, V.; Crombez, G.; Plaghki, L.; Mouraux, A. Shielding Cognition from Nociception with Working Memory. Cortex 2013, 49,
1922–1934. [CrossRef] [PubMed]

17. Torta, D.M.; Legrain, V.; Mouraux, A.; Valentini, E. Attention to Pain! A Neurocognitive Perspective on Attentional Modulation
of Pain in Neuroimaging Studies. Cortex 2017, 89, 120–134. [CrossRef] [PubMed]

18. Carrol, E.N.; Badura, A.S. Focal Intense Brief Transcutaneous Electric Nerve Stimulation for Treatment of Radicular and
Postthoracotomy Pain. Arch. Phys. Med. Rehabil. 2001, 82, 262–264. [CrossRef] [PubMed]

https://doi.org/10.1097/00002508-199506000-00024
https://doi.org/10.36076/ppj.2015/18/E333
https://www.ncbi.nlm.nih.gov/pubmed/26000680
https://www.ncbi.nlm.nih.gov/pubmed/15162346
https://doi.org/10.1016/j.physb.2023.414641
https://www.ncbi.nlm.nih.gov/pubmed/16163151
https://doi.org/10.1007/s00221-021-06132-6
https://www.ncbi.nlm.nih.gov/pubmed/34232346
https://doi.org/10.3389/fnins.2016.00147
https://www.ncbi.nlm.nih.gov/pubmed/27092048
https://doi.org/10.1002/j.1532-2149.2011.00105.x
https://www.ncbi.nlm.nih.gov/pubmed/22337597
https://doi.org/10.1097/j.pain.0000000000000627
https://www.ncbi.nlm.nih.gov/pubmed/27513452
https://doi.org/10.1080/17470218.2011.626865
https://www.ncbi.nlm.nih.gov/pubmed/22136653
https://doi.org/10.1016/j.jpain.2007.07.005
https://www.ncbi.nlm.nih.gov/pubmed/17822961
https://doi.org/10.1016/j.ejpain.2011.01.009
https://www.ncbi.nlm.nih.gov/pubmed/21397536
https://doi.org/10.1016/j.neuropsychologia.2015.11.005
https://www.ncbi.nlm.nih.gov/pubmed/26556389
https://doi.org/10.1016/j.neuroscience.2005.08.023
https://www.ncbi.nlm.nih.gov/pubmed/16324792
https://doi.org/10.1016/j.cortex.2012.08.014
https://www.ncbi.nlm.nih.gov/pubmed/23026759
https://doi.org/10.1016/j.cortex.2017.01.010
https://www.ncbi.nlm.nih.gov/pubmed/28284849
https://doi.org/10.1053/apmr.2001.9176
https://www.ncbi.nlm.nih.gov/pubmed/11239323


Biomedicines 2024, 12, 1269 16 of 18

19. Coutaux, A. Non-Pharmacological Treatments for Pain Relief: TENS and Acupuncture. Jt. Bone Spine 2017, 84, 657–661. [CrossRef]
[PubMed]

20. Porfírio, G.J.M.; Martimbianco, A.L.C.; Brønfort, G.; Torloni, M.R.; Riera, R. Transcutaneous Electrical Nerve Stimulation (TENS)
for Chronic Low Back Pain. Cochrane Database Syst. Rev. 2015, 2015, CD003008. [CrossRef]

21. Bergeron-Vézina, K.; Corriveau, H.; Martel, M.; Harvey, M.P.; Léonard, G. High- and Low-Frequency Transcutaneous Electrical
Nerve Stimulation Does Not Reduce Experimental Pain in Elderly Individuals. Pain 2015, 156, 2093–2099.

22. Le Bars, D.; Dickenson, A.H.; Besson, J.M. Diffuse Noxious Inhibitory Controls (DNIC). I. Effects on Dorsal Horn Convergent
Neurones in the Rat. Pain 1979, 6, 283–304. [CrossRef] [PubMed]

23. Carpenter, G.A.; Grossberg, S. Normal and Amnesic Learning, Recognition and Memory by a Neural Model of Cortico-Hippo
Mpal Interactions. Trends. Neurosci. 1993, 16, 131–137. [CrossRef] [PubMed]

24. Scherder, E.J.A.; Van Someren, E.J.W.; Bouma, A.; Berg, M.V.d. Effects of Transcutaneous Electrical Nerve Stimulation (TENS) on
Cognition and Behaviour in Aging. Behav. Brain Res. 2000, 111, 223–225. [CrossRef] [PubMed]

25. Scherder, E.J.A.; Bouma, A. Effects of Transcutaneous Electrical Nerve Stimulation on Memory and Behavior in Alzheimer’s
Disease May Be Stage-Dependent. Biol. Psychiatry 1999, 45, 743–749. [CrossRef] [PubMed]

26. Daube, J.R. Physiology, Handbook of Clinical Neurophysiology; Elsevier: Amsterdam, The Netherlands, 2008; Volume 8.
27. Fenoy, A.J.; Severson, M.A.; Volkov, I.O.; Brugge, J.F.; Howard, M.A. Hearing Suppression Induced by Electrical Stimulation of

Human Auditory Cortex. Brain Res. 2006, 1118, 75–83. [CrossRef] [PubMed]
28. George, M.S.; Aston-Jones, G. Noninvasive Techniques for Probing Neurocircuitry and Treating Illness: Vagus Nerve Stimulation

(VNS), Transcranial Magnetic Stimulation (TMS) and Transcranial Direct Current Stimulation (TDCS). Neuropsychopharmacology
2010, 35, 301–316. [CrossRef] [PubMed]

29. Wagner, T.; Fregni, F.; Fecteau, S.; Grodzinsky, A.; Zahn, M.; Pascual-Leone, A. Transcranial Direct Current Stimulation: A
Computer-Based Human Model Study. Neuroimage 2007, 35, 1113–1124. [CrossRef] [PubMed]

30. Lorenz, J.; Minoshima, S.; Casey, K.L. Keeping Pain out of Mind: The Role of the Dorsolateral Prefrontal Cortex in Pain Modulation.
Brain 2003, 126, 1079–1091. [CrossRef] [PubMed]

31. Legrain, V.; Van Damme, S.; Eccleston, C.; Davis, K.D.; Seminowicz, D.A.; Crombez, G. A Neurocognitive Model of Attention to
Pain: Behavioral and Neuroimaging Evidence. Pain 2009, 144, 230–232. [CrossRef] [PubMed]

32. Deldar, Z.; Rustamov, N.; Bois, S.; Blanchette, I.; Piché, M. Enhancement of Pain Inhibition by Working Memory with Anodal Transcranial
Direct Current Stimulation of the Left Dorsolateral Prefrontal Cortex. J. Physiol. Sci. 2018, 68, 825–836. [CrossRef] [PubMed]

33. Fregni, F.; Boggio, P.S.; Nitsche, M.; Bermpohl, F.; Antal, A.; Feredoes, E.; Marcolin, M.A.; Rigonatti, S.P.; Silva, M.T.A.; Paulus, W.;
et al. Anodal Transcranial Direct Current Stimulation of Prefrontal Cortex Enhances Working Memory. Exp. Brain Res. 2005, 166,
23–30. [CrossRef] [PubMed]

34. Zandieh, A.; Parhizgar, S.E.; Fakhri, M.; Taghvaei, M.; Miri, S.; Shahbabaie, A.; Esteghamati, S.; Ekhtiari, H. Modulation of Cold Pain
Perception by Transcranial Direct Current Stimulation in Healthy Individuals. Neuromodulation 2013, 16, 345–348. [CrossRef] [PubMed]

35. Hoy, K.E.; Emonson, M.R.L.; Arnold, S.L.; Thomson, R.H.; Daskalakis, Z.J.; Fitzgerald, P.B. Testing the Limits: Investigating the Effect
of TDCS Dose on Working Memory Enhancement in Healthy Controls. Neuropsychologia 2013, 51, 1777–1784. [CrossRef] [PubMed]

36. Nikolin, S.; Martin, D.; Loo, C.K.; Boonstra, T.W. Effects of TDCS Dosage on Working Memory in Healthy Participants. Brain
Stimul. 2018, 11, 518–527. [CrossRef] [PubMed]

37. Vance, C.G.; Dailey, D.L.; Chimenti, R.L.; Van Gorp, B.J.; Crofford, L.J.; Sluka, K.A. Using TENS for Pain Control: Update on the
State of the Evidence. Medicina 2022, 58, 1332. [CrossRef] [PubMed]

38. Treekittichai, A.; Aksaranugraha, S. Effect of TENS on Cognition, Behavior Andmemory in Normal Elderly Persons. Chulalongkorn
Med. J. 2010, 54, 125–137. [CrossRef]

39. Nelson, J.T.; McKinley, R.A.; Golob, E.J.; Warm, J.S.; Parasuraman, R. Enhancing Vigilance in Operators with Prefrontal Cortex
Transcranial Direct Current Stimulation (TDCS). Neuroimage 2014, 85, 909–917. [CrossRef] [PubMed]

40. Nozari, N.; Thompson-Schill, S.L. More Attention When Speaking: Does It Help or Does It Hurt? Neuropsychologia 2013, 51,
2770–2780. [CrossRef] [PubMed]

41. Johnson, M.I. Transcutaneous Electrical Nerve Stimulation (TENS) as an Adjunct for Pain Management in Perioperative Settings:
A Critical Review. Expert Rev. Neurother. 2017, 17, 1013–1027. [CrossRef] [PubMed]

42. Alves-Guerreiro, J.; Noble, J.G.; Lowe, A.S.; Walsh, D.M. The Effect of Three Electrotherapeutic Modalities upon Peripheral Nerve
Conduction and Mechanical Pain Threshold. Clin. Physiol. 2001, 21, 704–711. [CrossRef] [PubMed]

43. Umeda, M.; Okifuji, A. Prediction of Pain Responses to Subsequent Cold Pressor Test via Baseline Heart Rate Variability in
Healthy Adults. Eur. J. Pain 2022, 26, 1811–1820. [CrossRef] [PubMed]

44. Dumoulin, S.; Bouchard, S.; Loranger, C.; Quintana, P.; Gougeon, V.; Lavoie, K.L. Are Cognitive Load and Focus of Attention
Differentially Involved in Pain Management: An Experimental Study Using a Cold Pressor Test and Virtual Reality. JPR 2020, 13,
2213–2222. [CrossRef] [PubMed]

45. Yanagisawa, H.; Dan, I.; Tsuzuki, D.; Kato, M.; Okamoto, M.; Kyutoku, Y.; Soya, H. Acute Moderate Exercise Elicits Increased
Dorsolateral Prefrontal Activation and Improves Cognitive Performance with Stroop Test. Neuroimage 2010, 50, 1702–1710.
[CrossRef] [PubMed]

46. Arshad, S.; Faisal Qureshi, M.; Abbas Rizvi, S.H.; Rizvi, J.; Imtiaz, K.; Rizvi, K.H.; Ahmed, K.; Noman, K.; Kumar, V. Memory and
Cognitive Flexibility in Physical Therapy Students of Karachi. Pak. J. Neurol. Sci. 2020, 15, 9–18.

https://doi.org/10.1016/j.jbspin.2017.02.005
https://www.ncbi.nlm.nih.gov/pubmed/28219657
https://doi.org/10.1002/14651858.CD011927
https://doi.org/10.1016/0304-3959(79)90049-6
https://www.ncbi.nlm.nih.gov/pubmed/460935
https://doi.org/10.1016/0166-2236(93)90118-6
https://www.ncbi.nlm.nih.gov/pubmed/7682344
https://doi.org/10.1016/S0166-4328(00)00170-4
https://www.ncbi.nlm.nih.gov/pubmed/10840147
https://doi.org/10.1016/S0006-3223(98)00072-9
https://www.ncbi.nlm.nih.gov/pubmed/10188004
https://doi.org/10.1016/j.brainres.2006.08.013
https://www.ncbi.nlm.nih.gov/pubmed/16979144
https://doi.org/10.1038/npp.2009.87
https://www.ncbi.nlm.nih.gov/pubmed/19693003
https://doi.org/10.1016/j.neuroimage.2007.01.027
https://www.ncbi.nlm.nih.gov/pubmed/17337213
https://doi.org/10.1093/brain/awg102
https://www.ncbi.nlm.nih.gov/pubmed/12690048
https://doi.org/10.1016/j.pain.2009.03.020
https://www.ncbi.nlm.nih.gov/pubmed/19376654
https://doi.org/10.1007/s12576-018-0598-4
https://www.ncbi.nlm.nih.gov/pubmed/29450801
https://doi.org/10.1007/s00221-005-2334-6
https://www.ncbi.nlm.nih.gov/pubmed/15999258
https://doi.org/10.1111/ner.12009
https://www.ncbi.nlm.nih.gov/pubmed/23240605
https://doi.org/10.1016/j.neuropsychologia.2013.05.018
https://www.ncbi.nlm.nih.gov/pubmed/23751169
https://doi.org/10.1016/j.brs.2018.01.003
https://www.ncbi.nlm.nih.gov/pubmed/29361442
https://doi.org/10.3390/medicina58101332
https://www.ncbi.nlm.nih.gov/pubmed/36295493
https://doi.org/10.58837/CHULA.CMJ.54.2.3
https://doi.org/10.1016/j.neuroimage.2012.11.061
https://www.ncbi.nlm.nih.gov/pubmed/23235272
https://doi.org/10.1016/j.neuropsychologia.2013.08.019
https://www.ncbi.nlm.nih.gov/pubmed/24012690
https://doi.org/10.1080/14737175.2017.1364158
https://www.ncbi.nlm.nih.gov/pubmed/28817978
https://doi.org/10.1046/j.1365-2281.2001.00374.x
https://www.ncbi.nlm.nih.gov/pubmed/11722478
https://doi.org/10.1002/ejp.2007
https://www.ncbi.nlm.nih.gov/pubmed/35808838
https://doi.org/10.2147/JPR.S238766
https://www.ncbi.nlm.nih.gov/pubmed/32943914
https://doi.org/10.1016/j.neuroimage.2009.12.023
https://www.ncbi.nlm.nih.gov/pubmed/20006719


Biomedicines 2024, 12, 1269 17 of 18

47. Ansari, S.; Shaikh, F.; Shah, T. Determination of Mental Stress Effects on the Cognitive Function in Medical Students of LUMHS at
the Time of Examination. J. Liaquat Univ. Med. Health Sci. 2018, 17, 23–28.

48. Fanninger, S.; Plener, P.L.; Fischer, M.J.; Kothgassner, O.D.; Goreis, A. Water Temperature during the Cold Pressor Test: A Scoping
Review. Physiol. Behav. 2023, 271, 114354. [CrossRef] [PubMed]

49. von Baeyer, C.L.; Piira, T.; Chambers, C.T.; Trapanotto, M.; Zeltzer, L.K. Guidelines for the Cold Pressor Task as an Experimental
Pain Stimulus for Use with Children. J. Pain 2005, 6, 218–227. [CrossRef] [PubMed]

50. Chen, C.; Johnson, M.I. A Comparison of Transcutaneous Electrical Nerve Stimulation (TENS) at 3 and 80 Pulses per Second on
Cold-pressor Pain in Healthy Human Participants. Clin. Physio. Funct. Imaging 2010, 30, 260–268. [CrossRef] [PubMed]

51. Podder, P.; Hasan, M.M.; Islam, M.R.; Sayeed, M. Design and Implementation of Butterworth, Chebyshev-I and Elliptic Filter for
Speech Signal Analysis. IJCA 2014, 98, 12–18. [CrossRef]

52. Sarraf, S. EEG-Based Movement Imagery Classification Using Machine Learning Techniques and Welch’s Power Spectral Density
Estimation. Am. Sci. Res. J. Eng. Technol. Sci. 2017, 33, 124–145.

53. Zhao, L.; He, Y. Power Spectrum Estimation of the Welch Method Based on Imagery EEG. Appl. Mech. Mater. 2013, 278, 1260–1264.
54. Mc Connolly, E.J.H.R.S.C. Severe Pain Confounds Neuropsychological Test Performance. J. Clin. Exp. Neuropsychol. 2000, 22,

633–639. [CrossRef]
55. Deldar, Z.; Rustamov, N.; Blanchette, I.; Piché, M. Improving Working Memory and Pain Inhibition in Older Persons Using

Transcranial Direct Current Stimulation. Neurosci. Res. 2019, 148, 19–27. [CrossRef] [PubMed]
56. Angius, L.; Santarnecchi, E.; Pascual-Leone, A.; Marcora, S.M. Transcranial Direct Current Stimulation over the Left Dorsolateral

Prefrontal Cortex Improves Inhibitory Control and Endurance Performance in Healthy Individuals. Neuroscience 2019, 419, 34–45.
[CrossRef] [PubMed]

57. Jeon, S.Y.; Han, S.J. Improvement of the Working Memory and Naming by Transcranial Direct Current Stimulation. Ann. Rehabil.
Med. 2012, 36, 585–595. [CrossRef] [PubMed]

58. Loftus, A.M.; Yalcin, O.; Baughman, F.D.; Vanman, E.J.; Hagger, M.S. The Impact of Transcranial Direct Current Stimulation on
Inhibitory Control in Young Adults. Brain Behav. 2015, 5, 1–9. [CrossRef] [PubMed]
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