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a b s t r a c t

Background: Many studies have shown effects of anodal transcranial direct current stimulation (a-tDCS)
and high-frequency transcranial random noise stimulation (tRNS) on elevating cortical excitability.
Moreover, tRNS with a direct current (DC)-offset is more likely to lead to increases in cortical excitability
than solely tRNS. While a-tDCS over primary motor cortex (M1) has been shown to attenuate pain
perception, tRNS þ DC-offset may prove as an effective means for pain relief.
Objective: This study aimed to examine effects of a-tDCS and high-frequency tRNS þ DC-offset over M1
on pain expectation and perception, and assess whether these effects could be influenced by the cer-
tainty of pain expectation.
Methods: Using a double-blinded and sham-controlled design, 150 healthy participants were recruited to
receive a single-session a-tDCS, high-frequency tRNS þ DC-offset, or sham stimulation over M1. The
expectation and perception of electrical stimulation in certain and uncertain contexts were assessed at
baseline, immediately after, and 30 min after stimulation.
Results: Compared with sham stimulation, a-tDCS induced immediate analgesic effects that were greater
when the stimulation outcome was expected with uncertainty; tRNS induced immediate and sustained
analgesic effects that were mediated by decreasing pain expectation. Nevertheless, we found no strong
evidence for tRNS being more effective for attenuating pain than a-tDCS.
Conclusions: The analgesic effects of a-tDCS and tRNS showed different temporal courses, which could be
related to the more sustained effectiveness of high-frequency tRNS þ DC-offset in elevating cortical
excitability. Moreover, expectations of pain intensity should be taken into consideration to maximize the
benefits of neuromodulation.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Transcranial direct current stimulation (tDCS), as the most
commonly used type of transcranial electrical stimulation (tES),
delivers a weak direct current to the surface of the head and non-
invasively manipulates neuronal excitability via membrane polar-
ization [1,2]. Generally, anodal stimulation (applying an anode over
the target area) is thought to increase cortical excitability by
depolarizing membrane potential and cathodal stimulation
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(applying a cathode over the target area) is thought to inhibit
cortical excitability by hyperpolarizing the membrane potential
[3,4]. The induced after-effects on cortical excitability depend on
factors such as the intensity and duration of the stimulation [5,6].
Due to its neuromodulatory effects, tDCS has been considered as a
promising approach for pain management [7e10]. Particularly,
applying tDCS over the primary motor cortex (M1) has been shown
to attenuate pain perception in both healthy participants and
clinical pain patients [9e11], manifested as increased pain thresh-
olds and decreased levels of pain perception. One of the potential
mechanisms underlying this phenomenon is the activation of
subcortical structures of endogenous pain inhibitory pathway
including thalamus, cingulate gyrus, midbrain periaqueductal gray,
and subnucleus reticularis dorsalis [11e13].
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Unlike tDCS that uses constant direct currents, transcranial
random noise stimulation (tRNS) uses random levels of alternating
currents within a broad spectrum. Studies have shown that weak
tRNS over M1 led to enhanced motor cortical excitability where
high-frequency subdivision of the whole tRNS spectrum between
100 and 640 Hz was functionally responsible for inducing excit-
ability enhancement [2,14,15]. For instance, 10 min of tRNS stimu-
lation was reported to induce a consistent excitability increase
lasting at least 60 min after stimulation [15]. This effect could be
attributed to the repeated opening of sodium channels or to the
increased sensitivity of neuronal networks to field modulation
[2,15,16]. Although some studies have shown effects of anodal-tDCS
(a-tDCS) and tRNS on enhancing motor cortical excitability
[3,4,14,15], the latter effect appears to be more sustained and stable
[17e19]. Moreover, Ho et al. [20] suggest that tRNS with a direct
current (DC)-offset (tRNSþ DC-offset) may bemore likely to lead to
increases in cortical excitability than solely tRNS. In addition to the
neuromodulatory effects, there are some studies showing the
promising effects of tRNS þ DC-offset on the improvement of
cognitive functions [21] and on the treatment of psychiatric dis-
orders [22,23]. These evidences raise the possibility that
tRNS þ DC-offset may prove as an effective and reliable means to
relieve pain perception, while a-tDCS effects on pain-relief have
been reported by previous studies [10,24e26].

Human pain perception involves complex interactions between
bottom-up nociceptive inputs and top-down cognitive processes,
with subjective pain perception greatly shaped by expectations
[27,28]. Electroencephalographic (EEG) studies have shown cortical
alpha-band rhythm states are associatedwith the cortical processes
of pain expectation [29,30], and that a-tDCS can alter spontaneous
cortical oscillatory activity in the alpha frequency band [31,32].
Thus, a-tDCS and/or tRNS likely affect pain perception by exerting
top-down influence on pain expectation. In addition, the level of
expectation certainty is associated with different emotional,
physiological, and behavioral consequences [33]: while certain
expectation of upcoming pain has been associated with the
emotional state of fear that leads to decreased pain sensitivity [34],
being uncertain has been associated with emotional state of anxi-
ety that leads to increased pain sensitivity [35]. The impact that
brain stimulation has on perception and cognition greatly depends
upon the particular psychophysiological state of the participant
[36e38]. Thus, effects of a-tDCS and/or tRNS on pain are likely to be
modulated by how certain we are that pain will be forthcoming.

Therefore, the present study aimed to examine the effects of
single-session a-tDCS and high-frequency tRNSþ DC-offset on pain
expectation and perception, and assess whether these effects are
moderated by the certainty of pain expectation. Given the evidence
for the effectiveness of a-tDCS and tRNS in increasing cortical
excitability which effects may be more stable for tRNS, we hy-
pothesized that both a-tDCS and tRNS over M1 would induce
analgesic effects and tRNS would induce more sustained effects.
Second, the analgesic effects of both stimulation methods would be
partially explained by their effects on decreasing pain expectation,
since subjective pain perception is greatly shaped by our expecta-
tions of pain. Third, as expectation certainty affects mental states
that would affect the response to brain stimulation, the level of
certainty regarding the pain stimulation will influence the anal-
gesic effects of a-tDCS and tRNS.

Materials and methods

Participants

A priori power analysis using G*Power software [39] was con-
ducted using the average of effect sizes from previous studies that
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compared the effects of a-tDCS and sham stimulation on experi-
mental pain perception among healthy participants (Cohen's
d ranging from 0.49 to 0.64 [40e43]) to calculate the needed
sample size. It yielded a sample size of n ¼ 49 per group to detect a
medium effect size of d ¼ 0.58 at a standard error probability of
a ¼ 0.05 with a power of 1�b ¼ 0.8. Therefore, a total of 150 par-
ticipants (age: mean ± standard error of mean [SEM] ¼ 19.82 ± 0.13
years; 73 females) were recruited for this study. All participants
were right-handed, had normal or corrected-to-normal vision, and
were free from any contraindications for tES 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. The participants were
randomly allocated to the a-tDCS, tRNS, or sham group, and were
blinded to the applied tES intervention. Each group comprised 50
participants. Due to equipment failure, one participant in the sham
group failed to complete the experiment. Thus, we analyzed data
from 149 participants (a-tDCS group: n ¼ 50; tRNS group: n ¼ 50;
sham group: n ¼ 49). All participants gave their written informed
consent before the experiments according to Declaration of Hel-
sinki. All experimental procedures were approved by the local
research ethics committee.

General experimental procedure

Two researchers participated in the experiment: one as an
assessor and the other as the tES administrator. The assessor was
responsible for data collection and analysis, and was blinded to the
stimulation condition (a-tDCS, tRNS, or sham). The tES adminis-
trator was responsible for delivering the tES interventions, and was
not involved in any data collection or analysis. In addition, the tES
administrator used computer-generated random stimulation con-
ditions and allocated the participants to one of the three experi-
mental groups (a-tDCS, tRNS, or sham) according to their order of
entry. Before the experiment, all participants were instructed to
complete pain-related questionnaires that measured their pain-
sensitivity profiles, including pain sensitivity questionnaire, fear
of pain questionnaire, pain catastrophizing scale, and pain vigilance
and awareness questionnaire.

As shown in Fig. 1, a single-session tES procedure lasted 20 min.
Before tES application (T0, baseline), immediately after tES appli-
cation (T1), and 30 min after the end of tES application (T2), par-
ticipants were instructed to complete a pain-rating task. During the
task, either painful or nonpainful electrical stimuli preceded by
certain or uncertain cues were delivered to the left hand of the
participants. After each stimulation, participants reported the
perceived pain intensity and unpleasantness by pressing keys on
the keyboard using their right hand. Prior to the first pain-rating
task, a pain calibration procedure was conducted to determine
the physical intensity of electrical stimulation to be used for each
individual participant.

Calibration of stimulation intensity

Painful and nonpainful stimuli were electrical pulses (duration:
50 ms) that were applied to the left fourth finger through a pair of
ring electrodes. Electrical pulses were generated by a multichannel
electrical stimulator (SXC-4A, Sanxia Technique Inc., China). A se-
ries of electrical stimuli were delivered to the participants, with
intensity started at 300 mA and gradually increased in steps of
200 mA. After each stimulation, participants were instructed to rate
the intensity of pain they had experienced on a 0e10 numerical
rating scale (NRS), in which 0 indicated no sensation, 4 indicated
starting to be painful, and 10 indicated unbearable pain. Painful and
nonpainful electrical stimuli to be used in the pain-rating task were



Fig. 1. Schematic illustration of the experimental procedure
A total of 150 participants were randomly allocated to receive a single-session a-tDCS (1 mA, 20 min), tRNS (1 mA, 20 min, 100e640 Hz), or sham stimulation (1 mA, 1 min). The
montage of M1 and contralateral supraorbital was used, with the anodal electrode placed on the right M1 (C4 electrode on the 10e20 system) and the cathodal electrode placed on
the left supraorbital. Before (T0), immediately after (T1), and 30 min after (T2) tES application, participants completed a pain-rating task that lasted about 10 min. During the pain-
rating task, either nonpainful or painful electrical stimuli were delivered to the left fourth finger through a pair of ring electrodes. Participants rated expected pain and perceived
pain by pressing keys on the keyboard with their right hand. Electrical stimulations in the task were calibrated individually to include a nonpainful but detectable stimulation level
(level 2 on the 0e10 scale) and a painful but tolerable stimulation level (level 6).
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determined: the first for eliciting a nonpainful but detectable
sensation (NRS ¼ 2) and the second for a painful but tolerable
sensation (NRS ¼ 6). The calibrated current intensities for painful
and nonpainful stimuli were comparable among a-tDCS, tRNS and
sham groups (Table 1). For all participants, the painful stimuli were
reported to evoke prickling or tingling sensations.

Pain-rating task

The pain-rating task was adopted to assess individual pain
expectation and perception in certain or uncertain contexts. A
schematic illustration of the trial structure is shown in Fig. 2. A
visual cue indicating the intensity of the upcoming electrical
stimulation was presented before electrical stimulation (pain-pre-
dictability cues). Therewere three pain-predictability cues: certain-
nonpain (a circle; 25 % of trials), certain-pain (a triangle; 25 % of
trials) and uncertain (a diamond; 50 % of trials). The pairing of
patterning and predictability was counterbalanced among the
participants. These pain-predictability cues were completely pre-
dictive of the upcoming pain-stimulation intensity, which was
explicitly explained to the participants.

The pain-rating task conformed to a 2 (pain-predictability:
certain vs uncertain) � 2 (physical stimulation intensity: nonpain
vs pain) within-participant design. This resulted in four conditions:
certain-nonpain, certain-pain, uncertain-nonpain, and uncertain-
pain. The session comprised 40 trials (10 trials per condition),
which were presented in a pseudo-randomized order. As illustrated
in Fig. 2, each trial began with a 1000-ms fixation, followed by the
presentation of one of the three pain-predictability cues
(duration¼ 2000ms). Then, participants were instructed to use the
keyboard with their right hand to rate the pain intensity (on the
Table 1
Demographic and psychometrical variables for a-tDCS, tRNS and sham groups.

a-tDCS (n ¼ 50) tRNS (n

Age (years) 19.68 ± 0.23 19.78 ±
Gender (F/M) 23/27 24/26
PSQ 80.74 ± 2.55 75.74 ±
FPQ 104.42 ± 2.48 102.58 ±
PCS 19.92 ± 1.47 21.32 ±
PVAQ 36.86 ± 1.58 35.78 ±
Nonpain (mA) 0.91 ± 0.05 0.90 ± 0
Pain (mA) 2.02 ± 0.11 1.98 ± 0

Notes: Data are expressed using Mean ± SEM. Statistics were obtained by applying one-
Abbreviations: F, female; M, male; PSQ, Pain Sensitivity Questionnaire; FPQ, Fear of Pain Q
Questionnaire.
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predefined 0e10 NRS) that they expected the upcoming electrical
stimulation would be. Then, an 800e1200-ms fixation cross was
displayed on the screen and either a non-painful or painful elec-
trical stimulation was delivered to the left fourth finger through a
pair of ring electrodes. Afterward, participants rated the intensity of
perceived pain on the 0e10 NRS, as well as the unpleasantness that
they felt (also on the 0e10 NRS, with 0 indicating no unpleasant-
ness and 10 indicating unbearable unpleasantness). The inter-trial-
interval was 4000e6000 ms.

Transcranial electrical stimulation

Immediately after the pain-rating task at T0 (baseline), a single-
session tES was administrated using a Neuroconn DC-STIMULATOR
MC (Neuroconn, Ilmenau, Germany). The anodal and cathodal
electrodes were two 5 cm � 5 cm rubber electrodes in a motor
cortexecontralateral orbit montage. The electrodes were placed in
saline-soaked sponges and fixed to the head with elastic rubber
bands. For all stimulation conditions, the anode was placed over C4
(using the 10e20 system of electrode placement) which is the
approximate location of right M1, and the cathode was placed over
the left supraorbital area. Impedances were kept below 5 kU.

We delivered a single-session a-tDCS at 1 mA (current
density ¼ 0.04 mA/cm2) for 20 min (30 s fade-in, 30 s fade-out).
High-frequency tRNS (100e640 Hz) was delivered for 20 min
(30 s fade-in, 30 s fade-out) at an intensity of 1 mA and a DC-offset
of 1 mA. A random level of current was generated for every sample
at a rate of 1280 samples/second with a DC-offset of 1 mA. In the
frequency spectrum all coefficients had a similar size with a “white
noise” characteristic. Here, we chose a frequency spectrum be-
tween 100 Hz and 640 Hz because after-effects of tRNS are thought
¼ 50) Sham (n ¼ 49) Statistics

0.20 20.04 ± 0.27 F2, 146 ¼ 0.63
25/24 c2(1) ¼ 0.17

2.41 81.06 ± 2.56 F2, 146 ¼ 1.42
2.11 101.36 ± 2.53 F2, 146 ¼ 0.42

1.28 22.43 ± 1.60 F2, 146 ¼ 0.74
1.30 39.61 ± 1.45 F2, 146 ¼ 1.85
.07 0.79 ± 0.04 F2, 146 ¼ 1.40
.12 1.85 ± 0.08 F2, 146 ¼ 0.68

way ANOVA or Chi-square test with factors of Group (a-tDCS, tRNS, and sham).
uestionnaire; PCS, Pain Catastrophizing Scale; PVAQ, Pain Vigilance and Awareness



Fig. 2. Trial structure in the pain-rating task
Each experimental trial started with a 1000-ms fixation, followed by the presentation of the predictability cue (duration: 2000 ms), which predicted the intensity of the upcoming
electrical stimulation. There were three types of predictability cues: (1) a circle indicated that the upcoming stimulation would be nonpainful; (2) a triangle indicated that the
upcoming stimulation would be painful; (3) a diamond indicated that the upcoming stimulation would be either nonpainful or painful. The probabilities of these predictability cues
were 25 %, 25 %, and 50 %, respectively. After seeing the cues, participants rated the expected pain intensity to the upcoming electrical stimulation on the predefined 0e10 NRS
through pressing a button on the keyboard using their right hand. After the presentation of 800e1200 ms fixation cross, either a nonpainful but detectable stimulation (level 2 on
the 0e10 NRS) or a painful but tolerable stimulation (level 6 on the 0e10 NRS) was deliverable to the left hand. It thus yielded four categories of electrical stimulations, including (1)
certain-nonpain, a nonpainful stimulation preceded by a certain-nonpain predictability cue; (2) certain-pain, a painful stimulation preceded by a certain-pain predictability cue; (3)
uncertain-nonpain, a nonpainful stimulation preceded by an uncertain predictability cue; (4) uncertain-pain, a painful stimulation preceded by an uncertain predictability cue. After
each stimulation, the participant rated the intensity of perceived pain, as well as the unpleasantness that they felt, on two 0e10 NRSs.
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to be primarily driven by oscillations in the higher frequency range
[15]. We added a DC-offset of 1 mA because tRNSwith a DC-offset is
more likely to lead to increases in cortical excitability than is tRNS
alone [20]. In addition, it produces a unidirectional current flow
analogous to a-tDCS [21], which fluctuated between þ0.5 mA
and þ1.5 mA at the anode and between �0.5 mA and �1.5 mA at
the cathode. Throughout the course of the stimulation session, a-
tDCS and tRNS that we used delivered an approximately equivalent
net charge (mean charge of þ1 mA at the anode and �1 mA at the
cathode). Therefore, it was appropriate for directly comparing
analgesic effects of a-tDCS and tRNS. Sham stimulation involved
delivery of active a-tDCS for 1 min (30 s fade-in, 30 s fade-out). This
sham procedure elicited an initial itching sensation under the
electrodes, but participants received no current for the remainder
of the stimulation period. Following the end of stimulation, par-
ticipants were asked whether they believed that they had received
active tES or not, and were instructed to fill out a questionnaire that
evaluated adverse effects caused by tES [24,44].

Statistical analysis

Statistical analyses were carried out using the IBM SPSS statis-
tical analysis package (version 22; IBM Corp., Armonk, New York,
USA). For each participant and experimental condition, single-
participant ratings of expected pain intensity (in response to the
pain-predictability cues), as well as ratings of perceived pain in-
tensity and unpleasantness (in response to the electrical stimula-
tion), were calculated by averaging single-trial pain ratings across
epochs belonging to the same experimental condition. The imme-
diate effects of tES (the change in ratings between T1 and T0, T1 e

T0) and the sustained effects (the change in ratings between T2 and
T0, T2 e T0) were analyzed as outcome variables. A negative/pos-
itive value indicates decreased/increased pain after tES application.

The immediate and sustained effects of tES on expected pain-
intensity ratings were compared using a two-way mixed-design
analysis of variance (ANOVA) with factors of Predictability Cue
(certain-nonpain, certain-pain, and uncertain) and a between-
participant factor of Group (a-tDCS, tRNS, and sham groups). The
immediate and sustained effects on perceived pain (intensity and
unpleasantness ratings) were separately compared using a three-
way mixed-design ANOVA, with two within-participant factors of
Predictability (certain and uncertain) and Pain (nonpain and pain),
and a between-participant factor of Group (a-tDCS, tRNS, and sham
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groups). When a main effect or interaction was significant, we
performed post hoc comparisons. We used Bonferroni correction
method to correct for multiple comparisons.

If tES modulated both pain expectation and perception ratings,
we further tested whether it attenuated pain-perception via the
modulation of pain-expectation. A participant-level mediation
analysis was performed using the SPSS version of the PROCESS
macro [45]. In the mediation models, independent variable (X) was
tES type (e.g., 1 for a-tDCS or tRNS; �1 for sham stimulation); tES
effects on perceived pain ratings were the dependent variable (Y);
tES effects on expected pain ratings were the mediator (M). This
analysis determined the indirect effects that tES has on pain-
perception via pain-expectation, yielding the 95 % confidence in-
tervals (CIs) of the indirect effects. These effects were considered
statistically significant when the 95 % CIs did not include zero.
Results

As summarized in Table 1, the age, gender, and pain-sensitivity
profiles were well matched among the three groups. None of the
participants asked to terminate the stimulation, and the experi-
mental protocol was well tolerated. The effectiveness of tES
blinding (whether the participant believed that they had received
active tES or not) did not differ among the three groups (c2

(1) ¼ 1.82, p ¼ 0.18, Chi-square test), demonstrating that partici-
pants were unaware of their stimulation condition. Reports of
tingling, itching, and burning sensations at the stimulated site, as
well as those of headaches and sleepiness have been summarized
in the supplementary materials (Table S1). These ratings did not
differ significantly among the three groups, suggesting that there
were no significant adverse effects caused by a-tDCS and tRNS.
Immediate and sustained effects of single-session tES on pain
perception

The immediate (T1 e T0) and sustained effects (T2 e T0) on
pain-perception ratings for each condition and group are summa-
rized in Table 2, and their statistics are summarized in Table 3. In
addition, we have provided the original pain ratings and their
statistics in the supplementary materials (Figures S1 & S2;
Table S2).
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Immediate effects on pain perception

Analysis of the immediate tES effects on pain-intensity ratings
showed significant main effects of Pain (F1, 146 ¼ 6.71, p ¼ 0.011,
hp
2 ¼ 0.044) and Group (F2, 146 ¼ 5.45, p ¼ 0.005, hp

2 ¼ 0.07). The
analgesic effects were greater for pain-trials than for nonpain-trials
(p ¼ 0.011) and were greater for a-tDCS and tRNS groups than for
the sham group (p ¼ 0.011 and p ¼ 0.02, respectively). The inter-
action between Pain and Group was significant (F2, 146 ¼ 3.61,
p ¼ 0.03, hp

2 ¼ 0.047). For the pain-trials, the analgesic effects for a-
tDCS and tRNS groups were greater than for sham group (p ¼ 0.001
and p ¼ 0.008, respectively, Fig. 3A). In contrast, for the nonpain-
trials, no significant difference was observed among the groups.
The interaction between Predictability and Group was significant
(F2, 146 ¼ 3.14, p ¼ 0.046, hp

2 ¼ 0.041). Regardless of certain-trials or
uncertain-trials, the analgesic effects in the a-tDCS and tRNS groups
were greater than those for the sham group (p < 0.05 for all com-
parisons, Fig. 3B). However, a-tDCS induced analgesia for
uncertain-trials was greater than that for certain-trials (p ¼ 0.05).
Similar differences were not observed in the tRNS or sham groups.

Analysis of the immediate tES effects on unpleasantness ratings
showed significant main effects of Pain (F1, 146 ¼ 9.23, p ¼ 0.003,
hp
2 ¼ 0.059) and Group (F2, 146 ¼ 7.42, p ¼ 0.001, hp

2 ¼ 0.092). The
analgesic effects were greater for pain-trials than for nonpain-trials
(p ¼ 0.003) and were greater for a-tDCS and tRNS than for sham
stimulation (p ¼ 0.001 and p ¼ 0.016, respectively). The interaction
between Pain and Group was significant (F2, 146 ¼ 3.57, p ¼ 0.031,
hp
2 ¼ 0.047). Regardless of pain-trials or nonpain-trials, the anal-

gesic effects in the a-tDCS and tRNS groups were greater than those
for the sham group (p < 0.05 for all comparisons, Fig. 3C). However,
while the analgesic effects in the a-tDCS group were greater when
stimulation was painful than when it was not (p < 0.001), this
difference was not significant in the tRNS or sham groups. The
interaction between Predictability and Group was not significant
(F2, 146 ¼ 0.66, p ¼ 0.52, hp

2 ¼ 0.009). Regardless of certain-trials or
uncertain-trials, the decrease of unpleasantness for a-tDCS and
tRNS groups were greater than those for the sham group (p < 0.05
for all comparisons, Fig. 3D). The interaction between Predictability
and Pain was significant (F1, 146 ¼ 6.94, p ¼ 0.009, hp

2 ¼ 0.045). The
analgesic effects for pain-trials depended on the certainty
(certain < uncertain; p ¼ 0.042), while those for nonpain-trials did
not.
Table 2
Immediate and sustained effects of tES on pain-perception ratings.

a-tDCS (n ¼ 50) tRNS (n ¼ 50) Sham (n ¼ 49)

Immediate effects on pain-intensity ratings (T1eT0)
Certain-pain �0.50 ± 0.15 �0.51 ± 0.15 0.21 ± 0.15
Certain-nonpain �0.10 ± 0.13 �0.16 ± 0.13 0.07 ± 0.13
Uncertain-pain �0.66 ± 0.17 �0.39 ± 0.17 0.23 ± 0.17
Uncertain-nonpain �0.17 ± 0.15 �0.22 ± 0.15 0.22 ± 0.16
Sustained effects on pain-intensity ratings (T2eT0)
Certain-pain �0.35 ± 0.17 �0.56 ± 0.17 0.14 ± 0.17
Certain-nonpain �0.10 ± 0.13 �0.19 ± 0.13 �0.01 ± 0.13
Uncertain-pain �0.41 ± 0.17 �0.58 ± 0.17 0.004 ± 0.17
Uncertain-nonpain �0.12 ± 0.14 �0.21 ± 0.14 �0.04 ± 0.14
Immediate effects on unpleasantness ratings (T1eT0)
Certain-pain �0.77 ± 0.22 �0.49 ± 0.22 0.38 ± 0.22
Certain-nonpain �0.29 ± 0.16 �0.26 ± 0.16 0.30 ± 0.16
Uncertain-pain �1.02 ± 0.24 �0.55 ± 0.24 0.30 ± 0.24
Uncertain-nonpain �0.25 ± 0.17 �0.20 ± 0.17 0.35 ± 0.17
Sustained effects on unpleasantness ratings (T2eT0)
Certain-pain �0.52 ± 0.25 �0.36 ± 0.25 0.07 ± 0.26
Certain-nonpain �0.21 ± 0.15 �0.20 ± 0.15 0.05 ± 0.15
Uncertain-pain �0.75 ± 0.25 �0.56 ± 0.25 �0.17 ± 0.25
Uncertain-nonpain �0.14 ± 0.16 �0.17 ± 0.16 �0.05 ± 0.16

Notes: Data are expressed using Mean ± SEM.
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Sustained effects on pain perception

We observed a main effect of Pain (F1, 146 ¼ 4.16, p ¼ 0.043,
hp
2 ¼ 0.028) on sustained tES effects on pain-intensity ratings, such

that the analgesic effects were greater for pain-trials than for
nonpain-trials. We also observed a marginally significant main ef-
fect of Group (F2, 146 ¼ 2.95, p ¼ 0.055, hp

2 ¼ 0.039) such that the
analgesic effect in the tRNS group was greater than it was in the
sham group. The interaction between Pain and Group was
marginally significant (F2, 146 ¼ 2.58, p ¼ 0.079, hp

2 ¼ 0.034). For
pain-trials, the analgesic effects for the tRNS group were greater
than those for the sham group (p ¼ 0.014, Fig. 4A), whereas no
significant difference was observed for nonpain-trials.

We observed main effects of Pain (F1, 146 ¼ 5.61, p ¼ 0.019,
hp
2 ¼ 0.037) and Predictability (F1, 146 ¼ 4.87, p ¼ 0.029, hp

2 ¼ 0.032)
on the sustained tES effects on unpleasantness ratings. The anal-
gesic effects were greater for pain-trials than for nonpain-trials and
were greater for uncertain-trials than for certain-trials. The inter-
action between Pain and Group was not significant (F2, 146 ¼ 1.16,
p ¼ 0.315, hp

2 ¼ 0.016, Fig. 4B). The interaction between Predict-
ability and Painwas significant (F1, 146¼ 7.07, p¼ 0.009, hp

2 ¼ 0.046),
such that analgesic effects only depended on outcome certainty for
pain-trials (certain < uncertain, p ¼ 0.006), but not for nonpain-
trials.

Immediate and sustained effects of single-session tES on pain
expectation

Immediate and sustained effects on expected-pain ratings are
summarized in Table 4. Analysis of the immediate tES effects only
revealed a significant main effect of Group (F2, 146 ¼ 3.06, p ¼ 0.05,
hp
2 ¼ 0.04). Post-hoc analysis showed that expected-pain ratings

decreased more for the tRNS group than for the sham group,
although this effect was only marginally significant (p ¼ 0.068,
Fig. 5A). Analysis of the sustained tES effects revealed a significant
main effect of Predictability Cue (F2, 292 ¼ 4.778, p ¼ 0.01,
hp
2 ¼ 0.032), such that the effects for certain-pain cues were greater

than those for certain-nonpain cues (p ¼ 0.021) or uncertain cues
(p ¼ 0.045). The main effect of Group or the interaction were not
significant (Fig. 5B). These results suggest that comparedwith sham
stimulation, pain expectation for the upcoming electrical stimula-
tion dropped immediately after tRNS application.

Mediation model

Given that tRNS attenuated expectation and perception of pain,
we next tested whether tRNS attenuated pain-perception via the
modulation of pain-expectation. The bootstrap CIs revealed that the
indirect effect of tRNS on immediate analgesic effects via the im-
mediate modulation of expected-pain ratings differed from zero
with 95 % confidence (a*b¼�0.091, SE¼ 0.041, CI¼ [e0.18,�0.014],
Fig. 6A). This indirect effect accounted for 36.09 % (1 e (�0.16)/
(�0.25)) of the total effect. Moreover, the indirect effect of tRNS on
the sustained analgesic effects via the sustained modulation of
expected-pain ratings differed from zero with 95 % confidence
(a*b¼�0.087, SE¼ 0.045, CI¼ [e0.18,�0.009], Fig. 6B). This indirect
effect accounted for 42.15 % (1 e (�0.12)/(�0.21)) of the total effect.

Discussion

Adopting a double-blinded and sham-controlled design, this
study examined the analgesic effects of single-session a-tDCS and
high-frequency tRNS þ DC-offset over M1. Compared with sham
stimulation, the decrease in subjective pain perception (including
both pain intensity and unpleasantness ratings) was significantly



Table 3
Statistics for the immediate and sustained analgesic effects of tES.

Immediate analgesic effects (T1-T0) Sustained analgesic effects (T2-T0)

Pain intensity Unpleasantness Pain intensity Unpleasantness

Group F2, 146 ¼ 5.45**, hp
2 ¼ 0.07 F2, 146 ¼ 7.42**, hp

2 ¼ 0.092 F2, 146 ¼ 2.95, hp
2 ¼ 0.039 F2, 146 ¼ 1.29, hp

2 ¼ 0.017
Pain F1, 146 ¼ 6.71*, hp

2 ¼ 0.044 F1, 146 ¼ 9.23**, hp
2 ¼ 0.059 F1, 146 ¼ 4.16*, hp

2 ¼ 0.028 F1, 146 ¼ 5.61*, hp
2 ¼ 0.037

Predictability F1, 146 ¼ 0.00, hp
2 ¼ 0.00 F1, 146 ¼ 0.96, hp

2 ¼ 0.007 F1, 146 ¼ 1.82, hp
2 ¼ 0.012 F1, 146 ¼ 4.87*, hp

2 ¼ 0.032
Group � Pain F2, 146 ¼ 3.61*, hp

2 ¼ 0.041 F2, 146 ¼ 3.57*, hp
2 ¼ 0.047 F2, 146 ¼ 2.58, hp

2 ¼ 0.034 F2, 146 ¼ 1.16, hp
2 ¼ 0.016

Group � Predictability F2, 146 ¼ 3.14*, hp
2 ¼ 0.047 F2, 146 ¼ 0.66, hp

2 ¼ 0.009 F2, 146 ¼ 0.022, hp
2 ¼ 0.003 F2, 146 ¼ 0.34, hp

2 ¼ 0.005
Pain � Predictability F1, 146 ¼ 0.041, hp

2 ¼ 0.00 F1, 146 ¼ 6.94*, hp
2 ¼ 0.045 F1, 146 ¼ 0.60, hp

2 ¼ 0.004 F1, 146 ¼ 7.07**, hp
2 ¼ 0.046

Group � Pain � Predictability F2, 146 ¼ 2.08, hp
2 ¼ 0.028 F2, 146 ¼ 0.56, hp

2 ¼ 0.008 F2, 146 ¼ 0.19, hp
2 ¼ 0.003 F2, 146 ¼ 0.28, hp

2 ¼ 0.004

Notes: Statistics were obtained by applying a three-waymixed-design ANOVA, with one between-participant factor of Group (a-tDCS, tRNS and sham groups) and twowithin-
participant factors of Pain (nonpain and pain) and Predictability (certain and uncertain) on the immediate (T1 e T0) or sustained (T2 e T0) analgesic effects. *: p < 0.05; **:
p < 0.01.
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greater after a-tDCS and tRNS, indicating the immediate analgesic
effects of a-tDCS and tRNS. About 30min after tRNS application, the
decrease in subjective pain perception remained to be greater than
sham stimulation, indicating the sustained analgesic effects of
tRNS. However, this difference was not observed for a-tDCS.
Therefore, both a-tDCS and tRNS induced immediate analgesia, and
only tRNS induced sustained analgesia.

Although this study did not measure the change of cortical
excitability after a-tDCS and tRNS, previous studies have explored
their neuromodulatory effects using single-pulse transcranial
magnetic stimulation (TMS) elicited motor-evoked potentials
(MEPs). Both a-tDCS and tRNS significantly increase cortical excit-
ability as indicated by the larger size of MEPs [3,4,15]. However,
they seem to affect cortical excitability with different temporal
Fig. 3. Immediate effects of tES on perceived-pain ratings
Immediate effects of tES on the perceived pain-intensity (A&B, upper panel) and unpleas
increased pain perception after tES. The immediate effects for pain-trials and nonpain-trial
and sham groups. Compared with the sham group, analgesic effects on perceived pain-inten
Regardless of the certainty (certain-trials or uncertain-trials), analgesic effects on perceived
than in the sham group (B&D). The analgesic effects of a-tDCS on the pain-intensity ratings w
nonpain, B). Data are expressed using Mean ± SEM. *: p < 0.05, **: p < 0.01, ***: p < 0.001
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characteristics: a-tDCS rapidly increased cortical excitability for a
few minutes [3], while the after-effects of tRNS were more pro-
tracted [19]. In addition, tRNS seems to be amore stable method for
cortical excitability enhancement compared with a-tDCS [18]: tRNS
induced a significant increase in MEPs compared with sham stim-
ulation at all time-points (0e20 min after stimulation) whereas no
significant difference was observed for a-tDCS. Moreover, tRNS
with a DC-offset is more likely to induce elevation in cortical
excitability than tRNS alone [20], potentially because it combines
the characteristics of tRNS (introducing noise into the neural sys-
tem) with those of a-tDCS (consistent polarization of neuronal
membrane potentials). Therefore, the different temporal courses of
analgesic effects after a-tDCS and tRNS þ DC-offset could be asso-
ciated with their neuromodulatory after-effects, e.g., the latter
antness (C&D, lower panel) ratings. A negative/positive value represents decreased/
s, as well as for certain-trials and uncertain-trials were compared among a-tDCS, tRNS
sity and unpleasantness for pain-trials were greater in a-tDCS and tRNS groups (A&C).
pain-intensity and unpleasantness ratings were greater in the a-tDCS and tRNS groups
ere greater when participants were uncertain about the stimulation outcome (pain or
.



Fig. 4. Sustained effects of tES on perceived-pain ratings
Sustained effects of tES on the perceived pain-intensity (A) and unpleasantness (B)
ratings. A negative/positive value represents decreased/increased pain perception
30 min after tES. The sustained effects for pain-trials and nonpain-trials, as well as for
certain-trials and uncertain-trials were compared among a-tDCS, tRNS and sham
groups. The analgesic effects on pain-intensity ratings were greater for the tRNS group
than for the sham group (A). The analgesic effects on unpleasantness ratings for the a-
tDCS group were greater for pain-trials than for nonpain-trials (B). Data are expressed
using Mean ± SEM. *: p < 0.05.

Fig. 5. Immediate and sustained effects of tES on expected-pain ratings. Effects of tES
on the expected pain-intensity ratings were quantified as the change in ratings after
tES application (immediate effect: T1 � T0; sustained effect: T2 � T0). A negative/
positive value represents decreased/increased pain expectation after tES application.
Compared with sham group, the immediate effect of attenuating expected pain-
intensity ratings were marginally greater for the tRNS group (p ¼ 0.068). Data are
expressed using Mean ± SEM. ~: p < 0.10.
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stimulation might induce a more sustained and stable elevation in
cortical excitability.

The precise neurophysiological mechanisms underlying the
analgesic effects of motor cortex stimulation (e.g., TMS or tES over
M1) remain poorly understood. One of the potential mechanisms is
that motor cortex stimulation relieves pain through the inhibition
of noxious information transmission at the spinal cord level by
activating subcortical structures related to the endogenous pain
inhibitory pathway such as thalamus, cingulate gyrus, peri-
aqueductal gray and subnucleus reticularis dorsalis [11e13,46e48].
The integrity and function of the endogenous pain inhibitory
pathway in humans can be measured by conditioned pain modu-
lation (“pain inhibits pain” phenomenon) that occurs when the
response to a painful test stimulus is inhibited by an additional
conditioning painful stimulus [49e51]. A recent meta-analysis
provided evidence that noninvasive motor cortex stimulation
(either tDCS or TMS over M1) not only increased pain threshold but
also boosted conditioned pain modulation efficiency [11], sup-
porting the idea that top-downmodulation of the endogenous pain
inhibitory pathway could be one of the mechanisms underlying the
analgesic effects. Beyond the psychophysical measures, neuro-
imaging studies demonstrated that motor cortex stimulation
induced activation of the ventrolateral thalamus via cortico-
thalamic projections from motor cortex, initiating a cascade of
synaptic events in pain-related structures including the medial
thalamus, anterior cingulate and periaqueductal gray that consti-
tutes an important part of the endogenous pain inhibitory pathway
[12,13]. Moreover, motor cortex stimulation reverted neuropathic
pain phenomena in rats through activating periaqueductal gray
[46,52]. These evidences together suggested the observed analgesic
effects are likely associatedwith activations of the endogenous pain
Table 4
Immediate and sustained effects of tES on expected-pain ratings.

a-tDCS (n ¼ 50) tRNS (n ¼ 50) Sham (n ¼ 49)

Immediate effects (T1eT0)
Certain-pain 0.002 ± 0.13 �0.12 ± 0.13 0.24 ± 0.13
Certain-nonpain �0.20 ± 0.11 �0.18 ± 0.11 0.13 ± 0.12
Uncertain �0.14 ± 0.16 �0.21 ± 0.16 0.18 ± 0.16
Sustained effects (T2eT0)
Certain-pain 0.22 ± 0.16 �0.09 ± 0.16 0.43 ± 0.17
Certain-nonpain �0.13 ± 0.14 �0.19 ± 0.14 0.09 ± 0.14
Uncertain 0.05 ± 0.17 �0.24 ± 0.17 0.13 ± 0.18

Notes: Data are expressed using Mean ± SEM.
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inhibitory pathway by motor cortex stimulation through a-tDCS
and tRNS.

Given that subjective pain perception is greatly influenced by
our expectations [27,28,33], we explored how a-tDCS and tRNS
affect pain expectations. To dissociate pain expectation from pain
perception, predictability cues were inserted during the pain-rating
task, and participants were instructed to provide ratings of ex-
pected pain intensity upon the presentation of pain-predictability
cues. Compared with sham stimulation, expected-pain ratings
decreased immediately after tRNS application. Mediation analysis
further revealed that tRNS application attenuated perceived-pain
ratings partially via the drop in expected-pain ratings. With the
knowledge that a painful event is upcoming, selective attention
could be more precisely directed toward processes related to
forthcoming sensorimotor events [53,54], which might manifest as
suppression of cortical alpha oscillations [29,55,56]. An EEG study
has reported that tRNS increases cortical alpha oscillations [57],
whereby increased alpha oscillation has been associated with
decreased attention resource allocation [58]. Therefore, it is likely
that tRNS with a DC-offset decreased attentional resources directed
towards the forthcoming pain during the anticipation stage, which
led to attenuated pain perception.

Although a single-session a-tDCS reduced pain intensity for
both certain-trials and uncertain-trials, pain intensity was reduced
more when participants were uncertain of the stimulation
outcome. That is, the degree of certainty regarding the upcoming
pain would moderate the analgesic effects of a-tDCS, which finding
is in line with previous studies reporting that psychological and
contextual factors influenced tDCS effects [59e61]. This phenom-
enon may be explained by the state-dependent nature of brain
stimulation [38], such that the effect of a specific stimulation pro-
tocol is affected not only by the stimulation properties (e.g., tDCS
parameters) but also by the internal functional states of the neural
system. For instance, cognitive and physiological effects of tDCS
depended on the baseline electrophysiological state before the
intervention [62]. In the uncertain contexts that could elicit anxiety
and exacerbate pain perception [33,63], a-tDCS could induce
greater modulation of pain perception, in which a greater range of
modulation is allowed.

Human experimental models of pain use standardized noxious
stimuli and assess pain perception under controlled settings. This
process minimizes the influence of potentially confounding factors
associated with chronic pain such as psychological comorbidities



Fig. 6. The mediating role of pain-expectation on the effect that tRNS had on pain-perception. The mediation model included tRNS as the independent variable (1 for tRNS
group, �1 for sham group), the effects on perceived-pain ratings as the dependent variable, and the effects on expected-pain ratings as the mediator. The immediate and sustained
effects on expected-pain ratings mediated the immediate (A) and sustained (B) analgesic effects of tRNS application, respectively. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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[64]. Here, with experimental pain tasks applied on healthy par-
ticipants, we have provided evidence that single-session a-tDCS
and tRNS þ DC-offset over M1 had an immediate analgesic effect,
which can last for even 30 min after tRNS application. This finding
supports the application of tES techniques in attenuating intrac-
table pain for clinical patients, and tRNS with a DC-offset appears to
possess even more beneficial therapeutic potential. Given that
multiple-session tES may be more effective than single-session
intervention [65], future studies can fully validate its effectiveness
in relieving clinical pain by applying tES in repeated sessions.
Moreover, our data showed that the analgesic effect of a-tDCS was
more prominent when participants were not sure stimulation
would be painful. This can help guide the optimization of a-tDCS
application for clinical pain management, whereby patients’
expectation of pain should be considered.

This study has several limitations that should be acknowledged.
First, due to the size of the electrodes, we cannot with complete
certainty attribute the analgesic effects solely to M1 stimulation;
somatosensory or premotor areas adjacent to M1 were also likely
affected by the stimulation, thus contributing to our results. Using
more precise brain-stimulation techniques, such as high-definition
tES, might help ensure that analgesic effects can be attributed to
excitation of specific brain areas. Second, we provided behavioral
evidence for the analgesic effects of single-session a-tDCS and tRNS,
but we did notmeasure neurophysiological data that could allow us
to assess the mechanisms underlying the analgesic effects. Further
studies collecting neurophysiological data will be able to provide
such mechanistic insights on the effects of a-tDCS and tRNS in pain
perception and expectation. Third, we used a parallel design to
prevent learning and order effects (e.g., training on the task,
randomization of stimulation order), while evidence suggests that
a crossover design is more appropriate for minimizing inter-
individual variability [66]. However, the participants were
randomly allocated to one of the experimental groups with age,
gender and pain-sensitivity profiles well matched. Thus, the inter-
individual variability introduced by the parallel design was
minimized.

Conclusions

This study utilized standardized experimental methods of
testing pain to evaluate the effects of single-session a-tDCS and
tRNS on pain expectation and perception. Specifically, a-tDCS
immediately reduced pain sensation, and this effect was more
pronounced when pain expectation was uncertain. High-frequency
tRNS þ DC-offset had an immediate and sustained effects on
attenuating pain, which was partially mediated by a decrease in
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pain expectation. Our results revealed different temporal courses
for the analgesic effects of a-tDCS and tRNS, which could be related
to the more sustained effectiveness in elevating cortical excitability
and plasticity induced by high-frequency tRNS þ DC-offset.
Although both a-tDCS and tRNS have the potential to be useful tools
in attenuating intractable pain for clinical patients, our results
highlight the fact that cognitive-emotion factors, including expec-
tation and probability of experiencing pain, should be taken into
consideration for maximizing the benefits of neuromodulatory
treatment for pain management. Future studies should further
explore the foundation of these analgesic effects in greater detail.
CRediT authorship contribution statement

Junjie Yao: Conceptualization, design of the study, Data cura-
tion, Formal analysis, Writing e original draft, Writing e review &
editing. Xiaoyun Li: Conceptualization, design of the study, Formal
analysis, Writing e original draft, Writing e review & editing.
Wenyun Zhang: Conceptualization, design of the study, Data
curation, Writing e review & editing. Xinxin Lin: Data curation,
Writing e review & editing. Xiaohan Lyu: Data curation, Writing e

review & editing. Wutao Lou: Writing e review & editing. Weiwei
Peng: Conceptualization, design of the study, Funding acquisition,
Formal analysis, Writing e original draft, Writing e review &
editing.
Declaration of competing interest

None.
Acknowledgements

This study was supported by the National Natural Science
Foundation of China (31871127), the Features Innovative Projects of
Guangdong Province Ordinary University (2019KTSCX149), the
Shenzhen Basic Research Project (20200812113251002), the post-
graduate innovation development fund project of Shenzhen Uni-
versity (315-0000470820), and Shenzhen-Hong Kong Institute of
Brain Science-Shenzhen Fundamental Research Institutions
(2021SHIBS0003).
Appendix ASupplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2021.07.011.

https://doi.org/10.1016/j.brs.2021.07.011


J. Yao, X. Li, W. Zhang et al. Brain Stimulation 14 (2021) 1174e1183
References

[1] Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al.
Transcranial direct current stimulation: state of the art 2008. Brain Stimul
2008;1(3):206e23.

[2] Paulus W. Transcranial electrical stimulation (tES - tDCS; tRNS, tACS)
methods. Neuropsychol Rehabil 2011;21(5):602e17.

[3] Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol 2000;527 Pt
3(Pt 3):633e9.

[4] Nitsche MA, Paulus W. Sustained excitability elevations induced by trans-
cranial DC motor cortex stimulation in humans. Neurology 2001;57(10):
1899e901.

[5] Hassanzahraee M, Nitsche MA, Zoghi M, Jaberzadeh S. Determination of
anodal tDCS intensity threshold for reversal of corticospinal excitability: an
investigation for induction of counter-regulatory mechanisms. Sci Rep
2020;10(1):16108.

[6] Hassanzahraee M, Nitsche MA, Zoghi M, Jaberzadeh S. Determination of
anodal tDCS duration threshold for reversal of corticospinal excitability: an
investigation for induction of counter-regulatory mechanisms. Brain Stimul
2020;13(3):832e9.

[7] Fregni F, Freedman S, Pascual-Leone A. Recent advances in the treatment of
chronic pain with non-invasive brain stimulation techniques. Lancet Neurol
2007;6(2):188e91.

[8] O'Connell NE, Wand BM, Marston L, Spencer S, Desouza LH. Non-invasive
brain stimulation techniques for chronic pain. A report of a Cochrane sys-
tematic review and meta-analysis. Eur J Phys Rehabil Med 2011;47(2):
309e26.

[9] Lefaucheur JP, Antal A, Ahdab R, Ciampi de Andrade D, Fregni F, Khedr EM,
et al. The use of repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) to relieve pain. Brain Stimul
2008;1(4):337e44.

[10] Vaseghi B, Zoghi M, Jaberzadeh S. Does anodal transcranial direct current
stimulation modulate sensory perception and pain? A meta-analysis study.
Clin Neurophysiol 2014;125(9):1847e58.

[11] Giannoni-Luza S, Pacheco-Barrios K, Cardenas-Rojas A, Mejia-Pando PF, Luna-
Cuadros MA, Barouh JL, et al. Noninvasive motor cortex stimulation effects on
quantitative sensory testing in healthy and chronic pain subjects: a systematic
review and meta-analysis. Pain 2020;161(9):1955e75.

[12] García-Larrea L, Peyron R, Mertens P, Gregoire MC, Lavenne F, Le Bars D, et al.
Electrical stimulation of motor cortex for pain control: a combined PET-scan
and electrophysiological study. Pain 1999;83(2):259e73.

[13] Garcia-Larrea L, Peyron R. Motor cortex stimulation for neuropathic pain:
from phenomenology to mechanisms. Neuroimage 2007;37(Suppl 1):S71e9.

[14] Moret B, Donato R, Nucci M, Cona G, Campana G. Transcranial random noise
stimulation (tRNS): a wide range of frequencies is needed for increasing
cortical excitability. Sci Rep 2019;9(1):15150.

[15] Terney D, Chaieb L, Moliadze V, Antal A, Paulus W. Increasing human brain
excitability by transcranial high-frequency random noise stimulation.
J Neurosci 2008;28(52):14147e55.

[16] Francis JT, Gluckman BJ, Schiff SJ. Sensitivity of neurons to weak electric fields.
J Neurosci 2003;23(19):7255e61.

[17] Haeckert J, Lasser C, Pross B, Hasan A, Strube W. Comparative study of motor
cortical excitability changes following anodal tDCS or high-frequency tRNS in
relation to stimulation duration. Phys Rep 2020;8(19):e14595.

[18] Inukai Y, Saito K, Sasaki R, Tsuiki S, Miyaguchi S, Kojima S, et al. Comparison of
three non-invasive transcranial electrical stimulation methods for increasing
cortical excitability. Front Hum Neurosci 2016;10:668.

[19] Chaieb L, Paulus W, Antal A. Evaluating aftereffects of short-duration trans-
cranial random noise stimulation on cortical excitability. Neural Plast
2011;2011:105927.

[20] Ho KA, Taylor JL, Loo CK. Comparison of the effects of transcranial random
noise stimulation and transcranial direct current stimulation on motor
cortical excitability. J ECT 2015;31(1):67e72.

[21] Murphy OW, Hoy KE, Wong D, Bailey NW, Fitzgerald PB, Segrave RA. Trans-
cranial random noise stimulation is more effective than transcranial direct
current stimulation for enhancing working memory in healthy individuals:
Behavioural and electrophysiological evidence. Brain Stimul 2020;13(5):
1370e80.

[22] Palm U, Hasan A, Keeser D, Falkai P, Padberg F. Transcranial random noise
stimulation for the treatment of negative symptoms in schizophrenia.
Schizophr Res 2013;146(1e3):372e3.

[23] Chan HN, Alonzo A, Martin DM, Player M, Mitchell PB, Sachdev P, et al.
Treatment of major depressive disorder by transcranial random noise stim-
ulation: case report of a novel treatment. Biol Psychiatr 2012;72(4):e9e10.

[24] Antal A, Terney D, Kühnl S, Paulus W. Anodal transcranial direct current
stimulation of the motor cortex ameliorates chronic pain and reduces short
intracortical inhibition. J Pain Symptom Manag 2010;39(5):890e903.

[25] Boggio PS, Zaghi S, Lopes M, Fregni F. Modulatory effects of anodal trans-
cranial direct current stimulation on perception and pain thresholds in
healthy volunteers. Eur J Neurol 2008;15(10):1124e30.

[26] Mori F, Codec�a C, Kusayanagi H, Monteleone F, Buttari F, Fiore S, et al. Effects
of anodal transcranial direct current stimulation on chronic neuropathic pain
in patients with multiple sclerosis. J Pain 2010;11(5):436e42.
1182
[27] Wiech K. Deconstructing the sensation of pain: the influence of cognitive
processes on pain perception. Science 2016;354(6312):584e7.

[28] Wiech K, Ploner M, Tracey I. Neurocognitive aspects of pain perception.
Trends Cognit Sci 2008;12(8):306e13.

[29] Babiloni C, Capotosto P, Brancucci A, Del Percio C, Petrini L, Buttiglione M,
et al. Cortical alpha rhythms are related to the anticipation of sensorimotor
interaction between painful stimuli and movements: a high-resolution EEG
study. J Pain 2008;9(10):902e11.

[30] Babiloni C, Brancucci A, Del Percio C, Capotosto P, Arendt-Nielsen L, Chen AC,
et al. Anticipatory electroencephalography alpha rhythm predicts subjective
perception of pain intensity. J Pain 2006;7(10):709e17.

[31] Spitoni GF, Cimmino RL, Bozzacchi C, Pizzamiglio L, Di Russo F. Modulation of
spontaneous alpha brain rhythms using low-intensity transcranial direct-
current stimulation. Front Hum Neurosci 2013;7:529.

[32] Hsu TY, Tseng P, Liang WK, Cheng SK, Juan CH. Transcranial direct current
stimulation over right posterior parietal cortex changes prestimulus alpha
oscillation in visual short-term memory task. Neuroimage 2014;98:306e13.

[33] Ploghaus A, Becerra L, Borras C, Borsook D. Neural circuitry underlying pain
modulation: expectation, hypnosis, placebo. Trends Cognit Sci 2003;7(5):
197e200.

[34] Rhudy JL, Meagher MW. Fear and anxiety: divergent effects on human pain
thresholds. Pain 2000;84(1):65e75.

[35] Ploghaus A, Narain C, Beckmann CF, Clare S, Bantick S, Wise R, et al. Exacer-
bation of pain by anxiety is associated with activity in a hippocampal
network. J Neurosci 2001;21(24):9896e903.

[36] Hsu TY, Juan CH, Tseng P. Individual differences and state-dependent re-
sponses in transcranial direct current stimulation. Front Hum Neurosci
2016;10:643.

[37] Shahbabaie A, Golesorkhi M, Zamanian B, Ebrahimpoor M, Keshvari F,
Nejati V, et al. State dependent effect of transcranial direct current stimulation
(tDCS) on methamphetamine craving. Int J Neuropsychopharmacol
2014;17(10):1591e8.

[38] Silvanto J, Muggleton N, Walsh V. State-dependency in brain stimulation
studies of perception and cognition. Trends Cognit Sci 2008;12(12):447e54.

[39] Faul F, Erdfelder E, Lang AG, Buchner AG. *Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav
Res Methods 2007;39(2):175e91.

[40] Aslaksen PM, Vasylenko O, Fagerlund AJ. The effect of transcranial direct
current stimulation on experimentally induced heat pain. Exp Brain Res
2014;232(6):1865e73.

[41] Borckardt JJ, Bikson M, Frohman H, Reeves ST, Datta A, Bansal V, et al. A pilot
study of the tolerability and effects of high-definition transcranial direct
current stimulation (HD-tDCS) on pain perception. J Pain 2012;13(2):112e20.

[42] Hamner JW, Villamar MF, Fregni F, Taylor JA. Transcranial direct current
stimulation (tDCS) and the cardiovascular responses to acute pain in humans.
Clin Neurophysiol 2015;126(5):1039e46.

[43] Jurgens TP, Schulte A, Klein T, May A. Transcranial direct current stimulation
does neither modulate results of a quantitative sensory testing protocol nor
ratings of suprathreshold heat stimuli in healthy volunteers. Eur J Pain
2012;16(9):1251e63.

[44] Brunoni AR, Amadera J, Berbel B, Volz MS, Rizzerio BG, Fregni F. A systematic
review on reporting and assessment of adverse effects associated with
transcranial direct current stimulation. Int J Neuropsychopharmacol
2011;14(8):1133e45.

[45] Hayes AF. Introduction to mediation, moderation, and conditional process
analysis: a regression-based approach. New York, US: The Guilford Press;
2017.

[46] Pagano RL, Assis DV, Clara JA, Alves AS, Dale CS, Teixeira MJ, et al. Transdural
motor cortex stimulation reverses neuropathic pain in rats: a profile of
neuronal activation. Eur J Pain 2011;15(3). 268.e1-14.

[47] Alappat JJ. Motor cortex stimulation for chronic pain: systematic review and
meta-analysis of the literature. Neurology 2009;72(6):577.

[48] Fregni F, Pascual-Leone A. Technology insight: noninvasive brain stimulation
in neurology-perspectives on the therapeutic potential of rTMS and tDCS. Nat
Clin Pract Neurol 2007;3(7):383e93.

[49] Pud D, Granovsky Y, Yarnitsky D. The methodology of experimentally induced
diffuse noxious inhibitory control (DNIC)-like effect in humans. Pain
2009;144(1e2):16e9.

[50] Le Bars D, Dickenson AH, Besson JM. Diffuse noxious inhibitory controls
(DNIC). I. Effects on dorsal horn convergent neurones in the rat. Pain
1979;6(3):283e304.

[51] Yarnitsky D. Conditioned pain modulation (the diffuse noxious inhibitory
control-like effect): its relevance for acute and chronic pain states. Curr Opin
Anaesthesiol 2010;23(5):611e5.

[52] Pagano RL, Fonoff ET, Dale CS, Ballester G, Teixeira MJ, Britto LRG. Motor
cortex stimulation inhibits thalamic sensory neurons and enhances activity of
PAG neurons: possible pathways for antinociception. Pain 2012;153(12):
2359e69.

[53] Carlsson K, Andersson J, Petrovic P, Petersson KM, Ohman A, Ingvar M. Pre-
dictability modulates the affective and sensory-discriminative neural pro-
cessing of pain. Neuroimage 2006;32(4):1804e14.

[54] Carlsson K, Petrovic P, Skare S, Petersson KM, Ingvar M. Tickling expectations:
neural processing in anticipation of a sensory stimulus. J Cognit Neurosci
2000;12(4):691e703.

http://refhub.elsevier.com/S1935-861X(21)00149-2/sref1
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref1
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref1
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref1
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref2
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref2
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref2
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref3
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref3
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref3
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref3
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref4
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref4
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref4
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref4
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref5
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref5
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref5
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref5
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref6
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref6
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref6
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref6
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref6
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref7
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref7
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref7
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref7
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref8
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref8
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref8
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref8
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref8
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref9
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref9
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref9
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref9
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref9
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref10
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref10
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref10
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref10
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref11
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref11
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref11
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref11
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref11
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref12
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref12
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref12
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref12
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref13
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref13
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref13
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref14
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref14
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref14
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref15
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref15
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref15
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref15
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref16
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref16
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref16
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref17
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref17
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref17
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref18
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref18
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref18
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref19
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref19
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref19
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref20
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref20
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref20
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref20
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref21
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref22
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref22
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref22
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref22
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref22
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref23
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref23
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref23
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref23
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref24
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref24
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref24
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref24
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref25
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref25
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref25
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref25
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref26
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref26
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref26
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref26
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref26
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref27
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref27
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref27
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref28
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref28
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref28
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref29
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref29
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref29
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref29
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref29
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref30
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref30
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref30
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref30
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref31
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref31
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref31
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref32
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref32
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref32
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref32
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref33
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref33
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref33
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref33
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref34
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref34
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref34
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref35
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref35
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref35
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref35
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref36
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref36
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref36
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref37
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref37
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref37
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref37
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref37
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref38
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref38
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref38
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref39
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref39
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref39
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref39
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref39
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref40
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref40
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref40
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref40
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref41
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref41
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref41
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref41
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref42
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref42
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref42
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref42
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref43
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref43
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref43
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref43
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref43
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref44
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref44
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref44
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref44
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref44
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref45
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref45
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref45
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref46
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref46
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref46
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref47
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref47
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref48
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref48
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref48
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref48
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref49
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref49
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref49
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref49
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref49
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref50
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref50
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref50
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref50
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref51
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref51
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref51
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref51
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref52
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref52
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref52
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref52
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref52
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref53
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref53
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref53
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref53
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref54
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref54
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref54
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref54


J. Yao, X. Li, W. Zhang et al. Brain Stimulation 14 (2021) 1174e1183
[55] Peng W, Huang X, Liu Y, Cui F. Predictability modulates the anticipation and
perception of pain in both self and others. Soc Cognit Affect Neurosci
2019;14(7):747e57.

[56] Tu Y, Zhang Z, Tan A, Peng W, Hung YS, Moayedi M, et al. Alpha and gamma
oscillation amplitudes synergistically predict the perception of forthcoming
nociceptive stimuli. Hum Brain Mapp 2016;37(2):501e14.

[57] Mohsen S, Mahmoudian S, Talebian S, Pourbakht A. Multisite transcranial
Random Noise Stimulation (tRNS) modulates the distress network activity
and oscillatory powers in subjects with chronic tinnitus. J Clin Neurosci
2019;67:178e84.

[58] Bagherzadeh Y, Baldauf D, Pantazis D, Desimone R. Alpha synchrony and the
neurofeedback control of spatial attention. Neuron 2020;105(3):577e87. e5.

[59] Li LM, Uehara K, Hanakawa T. The contribution of interindividual factors to
variability of response in transcranial direct current stimulation studies. Front
Cell Neurosci 2015;9:181.

[60] Sandrini M, Fertonani A, Cohen LG, Miniussi C. Double dissociation of working
memory load effects induced by bilateral parietal modulation. Neuro-
psychologia 2012;50(3):396e402.
1183
[61] Sarkar A, Dowker A, Cohen Kadosh R. Cognitive enhancement or cognitive
cost: trait-specific outcomes of brain stimulation in the case of mathematics
anxiety. J Neurosci 2014;34(50):16605e10.

[62] Dubreuil-Vall L, Chau P, Ruffini G, Widge AS, Camprodon JA. tDCS to the left
DLPFC modulates cognitive and physiological correlates of executive function
in a state-dependent manner. Brain Stimul 2019;12(6):1456e63.

[63] Lin CS, Hsieh JC, Yeh TC, Niddam DM. Predictability-mediated pain modula-
tion in context of multiple cues: an event-related fMRI study. Neuro-
psychologia 2014;64:85e91.

[64] Staahl C, Drewes AM. Experimental human pain models: a review of stand-
ardised methods for preclinical testing of analgesics. Basic Clin Pharmacol
Toxicol 2004;95(3):97e111.

[65] Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus W,
et al. Induction of late LTP-like plasticity in the human motor cortex by
repeated non-invasive brain stimulation. Brain Stimul 2013;6(3):424e32.

[66] L�opez-Alonso V, Cheeran B, Río-Rodríguez D, Fern�andez-Del-Olmo M. Inter-
individual variability in response to non-invasive brain stimulation para-
digms. Brain Stimul 2014;7(3):372e80.

http://refhub.elsevier.com/S1935-861X(21)00149-2/sref55
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref55
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref55
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref55
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref56
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref56
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref56
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref56
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref57
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref57
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref57
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref57
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref57
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref58
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref58
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref58
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref59
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref59
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref59
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref60
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref60
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref60
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref60
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref61
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref61
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref61
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref61
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref62
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref62
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref62
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref62
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref63
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref63
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref63
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref63
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref64
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref64
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref64
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref64
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref65
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref65
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref65
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref65
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66
http://refhub.elsevier.com/S1935-861X(21)00149-2/sref66

	Analgesia induced by anodal tDCS and high-frequency tRNS over the motor cortex: Immediate and sustained effects on pain per ...
	Introduction
	Materials and methods
	Participants
	General experimental procedure
	Calibration of stimulation intensity
	Pain-rating task
	Transcranial electrical stimulation
	Statistical analysis

	Results
	Immediate and sustained effects of single-session tES on pain perception
	Immediate effects on pain perception
	Sustained effects on pain perception
	Immediate and sustained effects of single-session tES on pain expectation
	Mediation model

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix ASupplementary data
	References


