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Some clinical studies have shown promising effects of transcranial direct current
stimulation (tDCS) over the primary motor cortex (M1) on pain relief. Nevertheless, a few
studies reported no significant analgesic effects of tDCS, likely due to the complexity
of clinical pain conditions. Human experimental pain models that utilize indices of
pain in response to well-controlled noxious stimuli can avoid many confounds that
are present in the clinical data. This study aimed to investigate the effects of high-
definition tDCS (HD-tDCS) stimulation over M1 on sensitivity to experimental pain and
assess whether these effects could be influenced by the pain-related cognitions and
emotions. A randomized, double-blinded, crossover, and sham-controlled design was
adopted. A total of 28 healthy participants received anodal, cathodal, or sham HD-
tDCS over M1 (1 mA for 20 min) in different sessions, in which montage has the
advantage of producing more focal stimulation. Using a cold pressor test, several
indices reflecting the sensitivity to cold pain were measured immediately after HD-
tDCS stimulation, such as cold pain threshold and tolerance and cold pain intensity
and unpleasantness ratings. Results showed that only anodal HD-tDCS significantly
increased cold pain threshold when compared with sham stimulation. Neither anodal
nor cathodal HD-tDCS showed significant analgesic effects on cold pain tolerance,
pain intensity, and unpleasantness ratings. Correlation analysis revealed that individuals
that a had lower level of attentional bias to negative information benefited more from
attenuating pain intensity rating induced by anodal HD-tDCS. Therefore, single-session
anodal HD-tDCS modulates the sensory-discriminative aspect of pain perception as
indexed by the increased pain threshold. In addition, the modulating effects of HD-
tDCS on attenuating pain intensity to suprathreshold pain could be influenced by the
participant’s negative attentional bias, which deserves to be taken into consideration in
the clinical applications.

Keywords: high-definition transcranial direct current stimulation (HD-tDCS), primary motor cortex (M1), pain,
analgesia, cold pain sensitivity
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INTRODUCTION

Non-invasive brain stimulation techniques, such as transcranial
magnetic stimulation and transcranial electrical stimulation,
are neuromodulation approaches that can regulate the cortical
activity (Nitsche et al., 2008; Lefaucheur et al., 2017). Transcranial
direct current stimulation (tDCS) is the most commonly used
transcranial electrical stimulation technique, due to its relatively
small-size, low-cost, ease-of-use, and safety characteristics
(Lefaucheur et al., 2017). The primary mechanism of tDCS is
considered to induce polarity-dependent shifts in the resting
membrane potentials, thereby, modulating cortical excitability
and neuronal spontaneous firing rate (Creutzfeldt et al., 1962;
Purpura and McMurtry, 1965). In general, anodal stimulation
results in neuronal depolarization and increases cortical
excitability, whereas cathodal stimulation causes neuronal
hyperpolarization and decreases cortical excitability (Nitsche
and Paulus, 2000; Nitsche et al., 2008).

Previous studies have shown tDCS effects on attenuating pain
perception in experimental pain and clinical pain conditions,
such as neuropathic pain, fibromyalgia, and migraine (Fregni
et al., 2007; Lefaucheur et al., 2008; Nitsche et al., 2008; Luedtke
et al., 2012b; Mylius et al., 2012). Applying 20-min anodal
tDCS over the primary motor cortex (M1) is recommended for
pain relief in the evidence-based guidelines (Lefaucheur et al.,
2017). Meta-analysis showed that tDCS over M1 has small to
moderate analgesic effects on pain threshold in both healthy
and chronic pain populations (Vaseghi et al., 2015; Giannoni-
Luza et al., 2020). However, some studies reported no significant
analgesic effects of tDCS as compared with sham condition
(Jürgens et al., 2012; Luedtke et al., 2012a, 2015). For instance,
a single-blinded crossover study found that tDCS over M1 was
failed to modulate pain threshold and ratings to suprathreshold
heat stimuli among healthy volunteers (Jürgens et al., 2012).
In addition, anodal tDCS over M1 did not significantly relieve
pain and disability for 135 patients with chronic low back pain
(Luedtke et al., 2015). These heterogeneous results lead to the
question of whether the active tDCS stimulation of M1 is effective
for pain modulation.

Most studies that investigated the effects of tDCS over
M1 upon pain perception have adopted the conventional
montage with the target electrode placed at the M1 and the
reference electrode placed at the contralateral supraorbital area.
Nevertheless, the spatial distribution of the electrical field for
conventional tDCS configurations has been critically discussed.
Conventional tDCS stimulation modulates cortical activation
in a large cortical area beyond the cortical region underlying
the target electrode (Lang et al., 2005; Nitsche et al., 2007). In
addition, modeling studies provide evidence that electric fields
produced by conventional tDCS montage are highly diffuse, and
the target area does not directly receive the largest current density
(Datta et al., 2009; Bikson et al., 2010). Relative to conventional
tDCS, 4 × 1 high-definition tDCS (HD-tDCS) montage with
smaller electrodes allows to restrict the current flow between
the central and return electrodes, thereby, providing a more
focal stimulation in the target area (Kuo et al., 2013; Villamar
et al., 2013). Thus, HD-tDCS seems to overcome one of the

main limitations of conventional tDCS by improving the spatial
precision of stimulation.

In light of the advantages of HD-tDCS, some studies
attempted to assess whether HD-tDCS targeted on M1 can
effectively alleviate clinical pain (Villamar et al., 2013; Castillo-
Saavedra et al., 2016). For instance, a phase II open-label trial
reported that 15 sessions (median number) of HD-tDCS over
M1 could achieve a 50% pain reduction in fibromyalgia patients
(Castillo-Saavedra et al., 2016). Indeed, there are inevitably
some confounding factors in the clinical pain population,
such as pain comorbidity of anxiety and depression. Human
experimental pain models allow to provide noxious stimuli
with standardized intensity and to rigorously measure pain
responses with a high level of precision. Noxious stimuli (e.g.,
cold pressor) of the intensity and modality can be applied in
a controlled laboratory setting while other variables of interest
are systematically manipulated. In addition, indices of pain
perception in response to the well-controlled noxious stimuli
can be measured with psychophysical methods. Thus, human
experimental pain models are often used to measure pain
sensitivity and avoid many confounds presented in the clinical
data. A recent study showed that HD-tDCS over M1 was
delivered across 3 days among the healthy individuals, but was
failed to modulate somatosensory and pain sensitivity (Kold and
Graven-Nielsen, 2021). In this study, somatosensory detection
and pain thresholds were measured, which mainly reflect the
sensory-discriminative aspect of pain perception (Rainville et al.,
1992). It remains unclear whether HD-tDCS can modulate the
affective-motivation aspect of pain, such as pain tolerance.

Pain perception is greatly dependent upon psychological
factors, such as pain-related cognitions and emotions
(Bushnell et al., 2013). These psychological factors (e.g.,
pain catastrophizing and fear of pain) can also predict the
outcomes in clinical interventions of clinical pain (Werneke
et al., 2009; Mankovsky et al., 2012; Sparkes et al., 2015; Burns
et al., 2017; Sharifzadeh et al., 2017). For example, greater pain
catastrophizing predicts a worse response to opioid analgesics
for patients with chronic low back pain (Burns et al., 2017) and
less pain reduction after spinal cord stimulation treatment for
patients with chronic neuropathic pain (Sparkes et al., 2015).
Moreover, more fear of pain is associated with worse outcomes
in physical rehabilitation therapy for patients with low back
pain (Werneke et al., 2009). Since the effectiveness of pain
intervention is greatly influenced by pain-related cognitions
and emotions, it is likely that these psychological factors could
influence the analgesic effects of tDCS. Understanding the
underlying moderating factors of analgesia induced by tDCS
may help to develop tDCS protocols for precision medicine.

Cold pressor pain, induced by submerging a non-dominant
hand into cold water, is a well-validated test to mimic clinical
pain, because of the more sustained and higher level of pain
intensity and unpleasantness that it evokes (Rainville et al.,
1992). It shows excellent experimental reliability and validity
in assessing cold pain sensitivity (Ehrlich et al., 2003). Here,
the present study used the cold pressor test and investigated
the effects of single-session HD-tDCS over M1 on cold pain
sensitivity among healthy participants. Adopting a randomized,
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double-blinded, crossover, and sham-controlled design, pain
sensitivity was measured immediately after anodal, cathodal,
and sham HD-tDCS targeted on the M1. We hypothesized
that when compared with sham stimulation, active HD-tDCS
over M1 could increase cold pain threshold and tolerance but
decrease pain intensity and unpleasantness ratings. In addition,
we hypothesized that the effectiveness of active HD-tDCS
on cold pain sensitivity could be influenced by pain-related
cognitions and emotions.

MATERIALS AND METHODS

Participants
A priori power analysis using G∗Power software was conducted
to determine the appropriate sample size for a within-participant
design with two factors (2 × 3 = 6 conditions). It yielded a
sample size of n = 28 to detect a medium effect size of f = 0.25
at a standard error probability of α = 0.05 with a power of
0.95. Therefore, we recruited 28 participants [14 women; age:
mean ± standard error of the mean (SEM) = 23.07 ± 0.34 years)
to participate in this study. All participants were right-handed,
had a normal or corrected-to-normal vision, and were free
from any contraindications for tDCS application. No participant
reported any medical condition associated with acute or
chronic pain, cardiovascular or neurological diseases, psychiatric
disorders, or current use of any medication, or in menstrual
period. All participants gave their written informed consent
before the experiments according to the Declaration of Helsinki.
All experimental procedures were approved by the local research
ethics committee.

Questionnaires
Before the experiment, all participants were instructed to
complete the pain-related questionnaires that measured their
cognitions and emotions to pain. Specifically, the Pain Sensitivity
Questionnaire (PSQ) was used to assess subjective pain
perception of painful situations in daily life (Ruscheweyh
et al., 2009). The Fear of Pain Questionnaire (FPQ; McNeil
and Rainwater, 1998) and the Pain Catastrophizing Scale
(PCS; Sullivan et al., 1995) were administered to assess
their thoughts, attitudes, and beliefs toward pain. The Pain
Vigilance and Awareness Questionnaire (PVAQ) was used to
measure awareness, consciousness, vigilance, and observation
of pain (McCracken, 1997). The Attention to Positive and
Negative Information Scale (APNI; Noguchi et al., 2006) was
adopted to examine the individual attentional bias to positive
or negative information, which consisted of two subscales
(Attention to Positive Information, API; Attention to Negative
Information, ANI).

General Experimental Procedure
This study was a randomized, double-blinded, crossover, and
sham-controlled design. Two experimenters were involved in
this study, with one as the tDCS administrator and the other as
the pain-test assessor. The tDCS administrator was responsible
for the generation of the random allocation sequence and the

delivery of the tDCS intervention, who was not involved in
any data collection and analysis. As shown in Figure 1, each
participant attended three sessions and underwent a single
session of anodal, cathodal, and sham HD-tDCS targeted on
the left or right M1, which were followed by a cold pressor
test. Sessions were separated by at least 1 week to prevent any
carryover effects. The order and the stimulated site of tDCS
intervention were counterbalanced and randomly assigned to the
participants. Therefore, each participant received three sessions
of HD-tDCS (anodal, cathodal, and sham) with the target region
on either left or right M1, which was kept constant across
the three sessions.

High-Definition Transcranial Direct Current
Stimulation
A 4 × 1 Multichannel Stimulation Adaptor (Model 4 × 1-C3A;
Soterix Medical Inc., New York, NY, United States) was employed
to deliver 1 mA direct current to the scalp via Ag-AgCl sintered
ring electrodes (EL-TP-RNG Sintered; Stens Biofeedback Inc.,
San Rafael, CA, United States) (Minhas et al., 2010). The 4 × 1
ring montage consisted of one central electrode placed at the
M1 (C3 or C4) based on the International 10–20 System, and
the four return electrodes were surrounded the central electrode
at a center-to-center distance of 3.5 cm. When stimulating the

FIGURE 1 | Schematic illustration of the experimental procedures. Each
participant visited three sessions which comprised single-session tDCS
intervention (1 mA, 20 min) followed by a cold pressor test. Three sessions
were separated by 7 days to avoid the possible carryover effects due to the
tDCS stimulation. During the tDCS intervention, participants received
HD-tDCS targeted on the M1 using anodal, cathodal, or sham stimulation.
HD-tDCS electrodes were placed according to the International 10–20
System, with the central electrode placed at C3 or C4 and the return
electrodes placed at FC5, FC1, CP1, CP5 or FC6, FC2, CP2, CP6,
respectively. During the cold pressor test, sensitivity to cold pain was
measured by instructing participants to immerse their both hands
(contralateral and ipsilateral to the HD-tDCS target side) into the cold-water
apparatus of 4◦C.
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left M1, the central electrode was placed on C3, while the four
return electrodes were placed on FC1, FC5, CP5, and CP1.
When stimulating the right M1, the central electrode was placed
on C4, and the four return electrodes were placed on FC2,
FC6, CP6, and CP2. Previous studies have confirmed that the
position of the electrode at C3 or C4 corresponds approximately
to the location of the left or right M1 (Edwards et al., 2013).
HD-Explore software (Version 2.3, Soterix Medical, New York,
NY, United States) was used to confirm the focality of electric
fields induced by HD-tDCS (Figure 2). The identical montage
setting was used for the anodal, cathodal, and sham stimulation.
Impedance values were measured for each of the five electrodes
and were all verified to be <1 quality unit. For anodal and
cathodal stimulations, the current ramped up from 0 to 1 mA
in 30 s and was then constantly given for 20 min, with a 30 s
ramp-down time period at the end of the stimulation. For sham
stimulation, the current ramped up to 1 mA over 30 s, prior
to being ramped down over the next 30 s to 0 mA, where its
stimulation protocol was still maintained for 20 min. At the end
of the stimulation, the current was again ramped up to 1 mA
over 30 s. Participants were blinded to the type of HD-tDCS
stimulation and the device was kept out of their sight during the
experiment. At the end of each session, participants completed a
questionnaire regarding blinding efficiency and potential adverse
effects caused by the HD-tDCS stimulation, such as itching, pain,
or skin irritation (Antal et al., 2010; Brunoni et al., 2011).

Cold Pressor Test
Immediately after HD-tDCS intervention, a cold pressor test
was conducted to assess individual cold pain sensitivity. The
test was applied to both hands (contralateral and ipsilateral
to the HD-tDCS stimulated side), separated by 10 min. The
testing order of two hands was counterbalanced and randomly
assigned for the participants. Participants were instructed to
firstly immerse the hand up to the wrist into a tank with
room temperature water at approximately 22◦C for 30 s.
This was done to ensure that the hand temperature before
a cold pressor test was similar across participants. Then,
participants were asked to immediately immerse open-hand into
a circulating cold-water tank (Type: DX-208, Beijing Changliu
Scientific Instrument Co., Ltd.) of 4◦C (±0.10). Simultaneously,
a stopwatch was activated. Cold pain threshold was defined
as the total duration from the onset of hand immersion until
the first report of pain perception (in seconds). Cold pain
tolerance was defined as the total duration from the onset of
hand immersion until the removal of the hand from the cold
pressor apparatus (in seconds). Perceived pain intensity and
unpleasantness were rated at tolerance, using an 11-point scale
ranging from 0 (no pain/unpleasantness) to 10 (unbearable
pain/unpleasantness). For the safety concerns, we would instruct
the participants to withdraw their hand from the apparatus if the
immersion duration reached 3 min. This was not informed to the
participants before the cold pressor test.

Statistical Analysis
All statistical analyses were carried out using the IBM SPSS
statistical analysis package (version 22; IBM Corp., Armonk,

NY, United States). The blinding of tDCS type was examined
using a Cochran’s Q-test, which compared the frequency of
yes responses across three sessions. Ratings for adverse effects
were investigated using the one-way repeated measures analysis
of variance (ANOVA) with a factor of tDCS Type (anodal,
cathodal, and sham HD-tDCS). To assess possible effects of HD-
tDCS on cold pain sensitivity, measures in the cold pressor
test (such as cold pain threshold and tolerance, as well as
ratings of perceived pain intensity and unpleasantness) were
compared using a two-way repeated measures ANOVA with
two within-participant factors of tDCS Type (anodal, cathodal,
and sham HD-tDCS) and Stimulation Side (hands ipsilateral
and contralateral to the HD-tDCS side). When there was a
significant main effect or interaction, we performed post hoc
comparisons. Bonferroni correction was used for multiple-
comparison correction. In addition, the relationship between
the analgesic effects of HD-tDCS (active HD-tDCS minus sham
HD-tDCS) and scores on pain-related questionnaires (i.e., PSQ,
FPQ, PCS, PVAQ, and APNI) was assessed using Pearson
correlation across all participants. This was done to test whether
analgesic effects of HD-tDCS were influenced by pain-related
cognitions or emotions.

RESULTS

A total of 28 participants were originally recruited. Three
participants failed to complete the three sessions due to either
personal issues (n = 1) or the equipment failure (n = 2).
To this end, data from 25 participants were included in
the data analysis. The demographic information (including
age and gender) and psychometric characteristics (including
the PSQ, FPQ, PCS, PVAQ, and APNI) are summarized in
Table 1.

Immediately after tDCS intervention, the blinding of
stimulation type was evaluated using the questionnaires. The
effectiveness of blinding HD-tDCS (i.e., whether the participant
believed that they had received active tDCS or not) was analyzed
using a Cochran’s Q-test. The reports did not differ among the
three sessions [χ2 (2) = 2.00, p = 0.778]. It suggests successful
blinding of HD-tDCS. Ratings of adverse events were compared
among the three HD-tDCS sessions. As shown in Table 2, ratings
of adverse events after HD-tDCS are comparable among the
three sessions (p> 0.05 for all comparisons), except for ratings of
burning sensation (F2,46 = 5.41, p = 0.010, η2

p = 0.191). Post hoc
comparisons showed that participants reported greater burning
sensations after cathodal stimulation intervention than after
anodal stimulation intervention (p = 0.029). Nevertheless, ratings
to sham stimulation were not different from anodal or cathodal
stimulation (p = 0.575 and p = 0.110, respectively). It suggests
that cathodal HD-tDCS causes more adverse effects on eliciting
burning sensation.

The duration to cold pain threshold and tolerance and ratings
to pain intensity and unpleasantness are displayed in Figure 3.
Statistics for the effects of HD-tDCS on cold pain sensitivity are
summarized in Table 3. Analysis of HD-tDCS effects on cold
pain threshold showed a significant main effect of tDCS Type
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FIGURE 2 | Finite element models of high-definition transcranial direct current (HD-tDCS) of the left M1. Cortical surface and deep brain structure plots illustrate
electric field magnitude (A; directionless; blue color represents zero electric field and the red color represents peak magnitude). HD-tDCS electrodes were placed
according to the International 10–20 System. The central electrode was placed at C3 with surrounding return electrodes that are located at FC1, FC5, CP5, and
CP1 (red color represents anode, blue color represents cathode). Anodal (B) and cathodal (C) modeling showed a similar current field intensity but with current flow
in opposite directions. The direction of the current flow is indicated by black arrows. A field intensity range of 0.00–0.08 V/m was used.

(F2,48 = 3.83, p = 0.035, η2
p = 0.138). Post hoc paired-sample

t-tests showed that cold pain threshold was greater after anodal
HD-tDCS than after sham stimulation (p = 0.008; Figure 3A)
but was comparable between cathodal and sham stimulation
(p = 0.272). The main effect of the Stimulation Side was also
significant (F1,24 = 7.65, p = 0.011, η2

p = 0.242) such that
the cold pain threshold at hand contralateral to the HD-tDCS
side was greater than at the ipsilateral side. The interaction
was not significant for cold pain threshold (F2,48 = 0.08,
p = 0.923, η2

p = 0.003). These results suggested that anodal HD-
tDCS significantly increased cold pain threshold, in which effect
was comparable between hands contralateral or ipsilateral to
tDCS target side.

In contrast, repeated measure ANOVA did not show any
significant main effects or interaction on pain tolerance, pain
intensity, and unpleasantness ratings evoked by cold pressor
stimulus (p > 0.05 for all comparisons).

Correlation analysis was conducted to determine whether
the analgesic effects of HD-tDCS were influenced by pain-
related cognitions and emotions. Firstly, cold pain sensitivity
measured at hands contralateral and ipsilateral to the HD-
tDCS side was grand averaged for each tDCS type (anodal,

TABLE 1 | Demographic and psychometric characteristics of participants (n = 25).

Characteristics Mean ± SEM

Age (years) 22.92 ± 0.36

Sex (female/male) 13/12

Pain Sensitivity Questionnaire 72.80 ± 4.39

Fear of Pain Questionnaire 101.12 ± 3.24

Pain Catastrophizing Scale 18.2 ± 1.88

Pain Vigilance and Awareness Questionnaire 38.24 ± 1.86

Attention to Positive Information (API) 76.52 ± 0.76

Attention to Negative Information (ANI) 34.72 ± 1.56

cathodal, and sham HD-tDCS), thus yielding three values
for each pain sensitivity measure and for each participant.
Next, the analgesic effects of HD-tDCS were evaluated by
calculating the contrast between active and sham stimulation
(i.e., anodal minus sham or cathodal minus sham). A negative
value for the pain rating or a positive value for pain threshold
and tolerance indicates analgesia induced by active HD-tDCS.
Finally, the relationships between the analgesic effects of HD-
tDCS and pain-related cognitions/emotions (scores on the PSQ,
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TABLE 2 | Reported adverse effects after anodal, cathodal, and sham HD-tDCS stimulation.

Anodal Cathodal Sham ANOVA

Headache 0.32 ± 0.16 0.72 ± 0.32 0.63 ± 0.37 F2,46 = 0.64, p = 0.504, η2
p = 0.027

Neck pain 0.08 ± 0.08 0.36 ± 0.18 0.13 ± 0.09 F2,46 = 1.33, p = 0.274, η2
p = 0.055

Scalp pain 1.56 ± 0.39 1.44 ± 0.41 1.50 ± 0.33 F2,46 = 0.32, p = 0.718, η2
p = 0.014

Tingling 2.92 ± 0.46 3.24 ± 0.49 2.96 ± 0.59 F2,46 = 0.35, p = 0.658, η2
p = 0.015

Itching 3.24 ± 0.61 3.80 ± 0.59 2.63 ± 0.59 F2,46 = 2.71, p = 0.082, η2
p = 0.105

Burning sensation 0.44 ± 0.19 1.88 ± 0.50 0.88 ± 0.44 F2,46 = 5.41, p = 0.010, η2
p = 0.191

Skin redness 0.16 ± 0.11 0.68 ± 0.33 0.50 ± 0.30 F2,46 = 0.66, p = 0.462, η2
p = 0.028

Sleepiness 2.84 ± 0.40 2.16 ± 0.37 2.92 ± 0.42 F2,46 = 2.49, p = 0.107, η2
p = 0.098

Trouble concentrating 2.24 ± 0.38 2.24 ± 0.49 2.13 ± 0.51 F2,46 = 0.01, p = 0.978, η2
p = 0.001

Acute mood changes 0.44 ± 0.22 0.68 ± 0.34 0.67 ± 0.36 F2,46 = 0.22, p = 0.733, η2
p = 0.009

Data are expressed as mean ± SEM. Statistics were obtained by applying one-way repeated measures ANOVA with one factor of “Type” (anodal, cathodal, and sham HD-
tDCS).

FIGURE 3 | Effects of high-definition transcranial direct current (HD-tDCS) on cold pain sensitivity. Cold pain threshold (measured in seconds; A) and tolerance
(measured in seconds; B), as well as cold pain intensity (measured on the 0–10 scale; C) and unpleasantness (measured on the 0–10 scale; D) ratings were
measured after the application of anodal, cathodal, sham HD-tDCS, for hands contralateral and ipsilateral to the HD-tDCS side. Data are expressed as
mean ± SEM. Compared with sham stimulation, the cold pain threshold was significantly increased after anodal HD-tDCS, regardless of whether the cold pain
stimulus was delivered to the hand contralateral or ipsilateral to the HD-tDCS side. **p < 0.01, paired-sample t-test.

FPQ, PCS, PVAQ, and APNI) were estimated using Pearson
correlation analysis. As shown in Figure 4, the analgesic effect of
anodal HD-tDCS on cold pain intensity rating was significantly
associated with scores on the ANI (r = 0.59, p = 0.002).
This result suggested that individuals with a lower level of
attentional bias to negative information would benefit more
from attenuating pain intensity rating induced by anodal HD-
tDCS stimulation.

DISCUSSION

The current study evaluated the effects of single-session
HD-tDCS over M1 on cold pain sensitivity among the
healthy population. Anodal HD-tDCS showed to be effective
in increasing cold pain threshold when compared with
sham stimulation. Neither anodal nor cathodal HD-tDCS
significantly modulated cold pain tolerance and pain intensity
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TABLE 3 | Statistics for cold pain sensitivity.

Stimulation Side tDCS Type Stimulation Side × tDCS Type

Cold pain threshold F1, 24 = 7.65*, η2
p = 0.242 F2,48 = 3.83*, η2

p = 0.138 F2,48 = 0.08, η2
p = 0.003

Cold pain tolerance F1, 24 = 1.52, η2
p = 0.059 F2,48 = 0.19, η2

p = 0.008 F2,48 = 2.13, η2
p = 0.082

Pain intensity F1, 24 = 0.13, η2
p = 0.005 F2,48 = 1.37, η2

p = 0.054 F2,48 = 0.38, η2
p = 0.016

Unpleasantness F1, 24 = 0.01, η2
p < 0.001 F2,48 = 0.42, η2

p = 0.017 F2,48 = 1.59, η2
p = 0.062

Statistics were obtained by applying a two-way repeated measures ANOVA, with two within-participant factors of Stimulation Side (the hands contralateral and ipsilateral
to the HD-tDCS side) and tDCS Type (anodal, cathodal, and sham HD-tDCS). *p < 0.05.

FIGURE 4 | Associations between analgesic effects of anodal high-definition
transcranial direct current (HD-tDCS) and negative attentional bias. Analgesic
effects of anodal HD-tDCS over M1 on cold pain intensity rating were
calculated as the contrast between anodal and sham stimulation condition
(anodal HD-tDCS minus sham HD-tDCS), with more negative values indicating
stronger analgesic effects (colored in darker blue). The negative attentional
bias was quantified by the scores on the Attention to Negative Information
Scale (ANI), with greater scores on the ANI indicating a higher level of negative
attentional bias (colored in darker red). Across all participants, stronger
analgesic effects of anodal HD-tDCS were significantly correlated with a lower
level of negative attentional bias. Each gray dot in the scatter plots represents
a single participant. The black line represents the best linear fit for the data.

and unpleasantness ratings. Analgesic effects of anodal HD-
tDCS on cold pain intensity rating could be influenced by the
level of attentional bias to negative information. These results
suggested that anodal HD-tDCS over M1 can modulate the
sensory-discriminative aspect of experimental pain perception
and that analgesic effects of anodal HD-tDCS on the perception
of suprathreshold pain may be influenced by psychological
factors, such as negative attentional bias.

Single-session 20-min anodal HD-tDCS targeted on the M1,
relative to sham stimulation, increased cold pain threshold,
regardless of whether a painful stimulus was delivered to the
hand contralateral or ipsilateral to the tDCS target site. This
finding is in line with Zandieh et al. (2013), which reported that
the application of conventional anodal tDCS, but not cathodal

tDCS, led to an increment in cold pain threshold. Previous meta-
analyses also support our findings and show that anodal tDCS
stimulation over M1 increases pain threshold in both healthy
(Vaseghi et al., 2014) and clinical pain (Giannoni-Luza et al.,
2020) population. However, our results are in contrast with
previous studies that reported negative effects of tDCS on cold
pain threshold among healthy volunteers (Bachmann et al., 2010;
Grundmann et al., 2011; Borckardt et al., 2012; Jürgens et al.,
2012; Brasil-Neto et al., 2020; Kold and Graven-Nielsen, 2021).
Unlike the conventional pad-based tDCS frequently used in
previous studies (Bachmann et al., 2010; Grundmann et al., 2011;
Jürgens et al., 2012), we used HD-tDCS montage with multiple
smaller electrodes that can provide more focal stimulation on the
M1, thereby, increasing the credibility of activating M1 (Nitsche
et al., 2007; Kuo et al., 2013). A few studies did employ the HD-
tDCS stimulation over M1 but also reported little or marginal
effect on cold pain threshold (Borckardt et al., 2012; Brasil-
Neto et al., 2020; Kold and Graven-Nielsen, 2021). Most of these
studies measured cold pain sensitivity before and after the tDCS
intervention, which likely induce habituation or sensitization to
the noxious stimulus. As the participants were repeatedly exposed
to the same assessments with a relatively short interval (i.e., 15–
20 min), the novelty and salience of noxious stimulus would be
reduced along with the test progress, which may confound with
the analgesic effects of tDCS (Kold and Graven-Nielsen, 2021).

Although previous studies have reported analgesic effects
of M1-tDCS in both experimental and clinical pain settings
(Lefaucheur et al., 2008; Giannoni-Luza et al., 2020), the
underlying mechanisms still remain unclear. One of the
hypotheses proposes that M1-tDCS induced analgesia through
the inhibition of the nociceptive ascending pathway at the
spinal cord level by activating the endogenous pain inhibitory
pathway (García-Larrea et al., 1999; Giannoni-Luza et al.,
2020). Neuroimaging studies provide evidence that motor cortex
stimulation triggers activation in the ventral-lateral thalamus,
leading to a cascade of events in medial thalamus, anterior
cingulate/orbitofrontal cortices, and periaqueductal gray matter,
in which regions constitute the endogenous pain inhibitory
pathway (García-Larrea et al., 1999; Garcia-Larrea and Peyron,
2007). A meta-analysis reports that non-invasive motor cortex
stimulation could effectively modulate pain thresholds and
conditioned pain modulation (CPM) efficiency in the healthy
and chronic pain populations (Giannoni-Luza et al., 2020).
The CPM paradigm is commonly employed to examine the
function and integrity of the endogenous pain inhibitory
pathway (Bannister and Dickenson, 2017). Indeed, two recent
studies confirmed that the single-session HD-tDCS targeted
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on the M1 could improve CPM efficiency among healthy
populations (Wan et al., 2021; Jiang et al., 2022). Therefore, the
observed analgesic effects on pain threshold could have arisen
from the top-down modulation of endogenous pain inhibitory
pathway via HD-tDCS stimulating M1. Nevertheless, we did
not measure neurophysiological data that could allow us to
assess the mechanisms underlying the analgesic effects. Future
neuroimaging studies are recommended to further explore
whether and how HD-tDCS over M1 modulates the endogenous
pain inhibitory pathway and subjective pain perception.

High-definition tDCS over M1 did not modulate cold pain
tolerance and pain intensity and unpleasantness ratings. Human
pain is a subjective and multidimensional experience involving
sensory-discriminative, affective-motivational, and cognitive-
evaluation aspects (Wiech et al., 2008; Tracey, 2011). Although
pain threshold, pain tolerance, pain intensity, and unpleasantness
ratings are indices of subjective pain perception, they could be
reflecting different aspects of pain processing. Pain threshold
seems to be determined predominantly by physiological factors,
thereby, largely reflecting the sensory-discriminative aspect
of pain that is mediated by the primary and secondary
somatosensory cortices (Schnitzler and Ploner, 2000; Price et al.,
2001; Vierck et al., 2013). Pain tolerance and unpleasantness
rating are mainly reflecting the affective-motivational aspect
of pain, which is processed in the medial nociceptive system
including the anterior cingulate cortex and insula (Peyron et al.,
2000; Schnitzler and Ploner, 2000; Bushnell et al., 2013). In
contrast, pain intensity rating would be more complex, therefore,
encompassing multiple aspects of pain that are encoded in brain
regions associated with somatosensory, emotional, attention,
and motor processing (Rainville et al., 1992; Coghill et al.,
1999). Here, anodal HD-tDCS on M1 increased cold pain
threshold but did not significantly affect cold pain tolerance,
intensity, and unpleasantness rating. It suggests that HD-tDCS
can effectively modulate the sensory-discriminative processes
of pain perception, instead of the affective-cognitive aspect of
pain perception.

Correlation analysis showed that analgesic effects of anodal
HD-tDCS on pain intensity ratings were strongly associated
with the participant’s negative attentional bias. It is manifested
that those healthy participants with a lower level of attentional
bias to negative information tend to have greater effects of
HD-tDCS on relieving pain intensity. With the knowledge that
patients with chronic pain have more negative attitudes and
beliefs, such as pain catastrophizing and fear of pain, as well
as negative bias toward pain (Vlaeyen and Linton, 2000; Keogh
et al., 2004; Bushnell et al., 2013; Meints and Edwards, 2018),
the affective turning of the attentional system could direct
attention to negatively-valanced information more frequently
and consequently, leading to poor responses to pharmacological
interventions of pain (Mankovsky et al., 2012; Burns et al., 2017;
Sharifzadeh et al., 2017). For instance, chronic pain patients with
less pain catastrophizing or fear of pain tend to exhibit better
treatment outcomes (Werneke et al., 2009; Sparkes et al., 2015).
Consistent with this understanding, hypervigilance to negative
information may counteract the pain-relieving effects induced by
HD-tDCS. It suggests that the application of tDCS on relieving

clinical pain should well consider the patients’ cognitions, such as
attentional bias. Individuals with less attentional bias to negative
information could be the ones that can benefit more from the
tDCS intervention. This can help guide more precise tDCS
intervention in clinical pain management.

CONCLUSION

In conclusion, relative to sham stimulation, single-session anodal
HD-tDCS over M1 increased cold pain threshold in the healthy
population. It indicates anodal HD-tDCS targeted on the M1
can effectively modulate the sensory-discriminative aspect of
pain perception. In addition, the effectiveness of anodal HD-
tDCS in attenuating pain intensity ratings to suprathreshold pain
could be influenced by the level of attentional bias to negative
information. Our findings support the potential application of
HD-tDCS interventions in pain relief among the clinical pain
patients and highlight that individual attentional bias to negative
information should be well taken into consideration. Given
that multiple-session tDCS may be more effective than single-
session stimulation (Monte-Silva et al., 2013; Lefaucheur et al.,
2017), future studies are recommended to test the effectiveness
on relieving clinical pain through applying HD-tDCS with
repeated sessions.
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