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Transcranial direct current stimulation of primary 
motor cortex reduces thermal pain
Amin Dehghani a , David M. Gantz a , Ethan K. Murphy b , Michael A. Nitsche c,d , Ryan J. Halter b , Tor D. Wager a, *

Abstract
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique with growing potential for pain modulation.
However, previous studies have often been limited by small sample sizes, limited outcome reliability, and blinding issues. Pre-
registered randomized trials are needed to establish efficacy and reproducibility. Here, we report results from a pre-registered, triple-
blind, randomized within-subject crossover trial (N 5 50), investigating the effects of left motor cortex (M1) tDCS on experimentally 
evoked thermal pain in healthy adults. Participants underwent individualized pain calibration, then received anodal, cathodal, and 
sham M1-tDCS in counterbalanced order on separate visits 4 or more days apart. We assessed post-tDCS thermal pain, potential 
blinding, side effects, and reaction time during pain rating. Anodal tDCS significantly reduced pain compared with cathodal and 
sham stimulation (P , 0.001, Cohen’s d 5 0.93 and 0.85, respectively; P , 0.001). Cathodal tDCS increased pain relative to sham 
(Cohen’s d 5 0.34, P , 0.01). These effects remained stable throughout the 35-minute post-tDCS pain testing period, with no 
evidence of decay over time. Blinding assessments confirmed that participants were unable to reliably identify the sham session.
Anodal tDCS also modestly increased reaction time in the left (ipsilateral) hand (P , 0.05, Cohen’s d 5 0.16), consistent with
interhemispheric inhibition, which was uncorrelated with analgesia (P . 0.10). This study provides strong evidence for reliable and 
polarity-dependent modulation of experimental pain by M1-tDCS.

Keywords: tDCS, Pain modulation, Randomized within-subject crossover trial, Left motor cortex (M1), Anodal, Cathodal, Sham, 
Blinding assessment, Reaction time, Interhemispheric inhibition

1. Introduction

Transcranial direct current stimulation (tDCS) is a noninvasive 
brain stimulation technique that shows promise as a safe, 
effective, and scalable treatment option for chronic pain 
conditions.

Transcranial direct current stimulation involves the delivery of 
a weak electrical current directly to the surface of the scalp 
through an electrode array (or montage) to induce subthreshold 
modulation of neural resting-state membrane potentials. 55,83 

Depending on the montage configuration and polarity, tDCS 
delivers either excitatory (anodal) or inhibitory (cathodal) stimula-
tion to an area of the cortex underneath the electrode. 20,69 

Transcranial direct current stimulation has been successfully

used in both experimental and clinical studies, including effects 
on fibromyalgia, 15,23 migraine, 12,17,56 neuropathic pain, 19,63 

pelvic pain, 28,61 and other pain syndromes. 36,74 In addition to 
its clinical use, tDCS has also been shown to modulate 
experimental pain perception in healthy subjects across multiple 
modalities, including heat, cold, and pressure pain. 2,21,62,73,75 

The most common target in the context of pain modulation using 
tDCS is the primary motor cortex (M1) and has been found to 
induce the endogenous release of opioids 24–26 and modulate the 
sensory-discriminative aspects of pain. 58 Repeated daily ses-
sions of tDCS are often used to achieve sustained clinical 
benefits, 13,32,80 but previous studies have shown that single-
session tDCS can induce short-term effects on pain perception in
healthy individuals. 22,31,37,39,41,45,49,53,58,62,68,82,88

Although M1-tDCS has been shown to modulate experimental 
pain perception, there remains substantial uncertainty about how 
robust its effects are and whether they can be partly attributable 
to confounds such as ineffective blinding or expectation-related 
biases. 21 Findings across studies have been variable, and effect 
sizes are generally modest (overall Hedges’ g of 0.2 58 ), with 
several likely contributing factors. Many previous studies relied on 
static pain protocols to measure pain and tolerance across 
a small number of stimulation trials 10,11,31,38,39 ; included small
sample sizes (generally , 30), 22,31,37,39,41,45,49,53,62,68,82,88 and
did not rigorously assess or account for blinding. 9,38,57,60 

Moreover, the use of tDCS can induce strong expectation 
effects, 40,78 which may mask the true effects of stimulation if not 
adequately addressed. Therefore, larger, more rigorous studies 
are necessary to confirm polarity-specific effects and address 
limitations related to reproducibility and methodological 
consistency.
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This pre-registered, 33 triple-blind, within-subject crossover 
randomized controlled trial (RCT) evaluated the effects of left M1-
tDCS (anodal, cathodal, sham) on thermal pain responses on the 
contralateral right forearm in N 5 50 healthy participants. Pain 
stimuli were individually calibrated to each participant’s pain and 
tolerance thresholds, and participants completed pain testing 
before and after each stimulation session. Based on prior work, 21 

we hypothesized that anodal M1-tDCS would reduce pain ratings 
relative to cathodal and sham, and that cathodal stimulation 
would increase pain ratings relative to sham.

2. Materials and methods

2.1. Participants

Seventy healthy participants were recruited from Dartmouth 
College and the surrounding New Hampshire community. 
Exclusion criteria were younger than 18 years or older than 
55 years, chronic pain, current or history of major psychiatric or 
neurological diagnosis, substance abuse in the past 6 months, or 
having contraindications for brain stimulation or experimental 
pain (eg, pregnancy). To preserve blinding—particularly given the 
noticeable differences between sham and active 
tDCS—individuals affiliated with the Department of Psychological 
and Brain Sciences at Dartmouth College (eg, students, staff, and 
faculty) were excluded from participation. All participants were 
also naı̈ve to tDCS and brain stimulation, helping to reduce 
expectancy effects and enhance blinding integrity. The study was 
approved by the Dartmouth College Institutional Review Board, 
and informed consent was obtained from all participants before 
every session, in accord with the Declaration of Helsinki.

Based on the findings from a previous study, 21 which reported 
a large effect size (Cohen’s d 5 0.86) for the contrast between 
anodal and cathodal tDCS in pain modulation, we estimated 
a medium effect size (d 5 0.43) or larger for the contrast between 
anodal and sham stimulation in the current design. Assuming 
a one-tailed test at a 5 0.025, a sample size of N 5 50 was 
required to detect this effect with 85% power. We initially recruited 
70 participants. Fourteen participants were excluded after pain 
calibration (see below), and 6 participants dropped out of the study 
during or after the first tDCS session (one participant discontinued 
due to discomfort from the painful stimuli, and 5 participants 
dropped out after completing the first tDCS session), leaving a final 
sample size of N 5 50 (25 biological women, M age 5 26.9 6 9.2, 
range: 18-55 years). The study design is presented in Figure 1.

This participant sample also completed additional tasks 
(completed after the main task presented here) conducted as 
part of a broader experimental protocol. No data from this study 
have been previously published, but we are planning to publish 
data from these additional tasks in subsequent articles.

2.2. Adaptive thermal calibration procedure (session 1)

Eligible participants were invited to participate in an initial adaptive 
thermal calibration procedure. This method improves measure-
ment accuracy by adjusting temperature based on participants’ 
sensation reports, allowing individual pain and tolerance levels to 
be determined. The procedure involved participants measuring 3 
finger widths proximal from the wrist crease and 4 finger widths 
distal from the elbow crease. The midpoint between these 2 
landmarks was identified, and 3 sites were marked along the 
central longitudinal axis of the forearm: one at the midpoint, one at
1 cm above, and one at 1 cm below. Two additional sites were 
marked by drawing diagonal lines from the upper wrist point to the 
lower elbow point and from the lower wrist point to the upper

elbow point, with the intersections forming 2 lateral stimulation 
sites, resulting in 6 total locations (Fig. 1).

The calibration consisted of 4 runs (24 trials total). The first run (6 
trials) served as a familiarization phase and data were not included 
in the data analysis. Each noxious heat stimulus lasted 13 seconds 
in total, including a 1.5-second ramp-up, a 10-second plateau at 
target temperature, and a 1.5-second ramp-down. Noxious heat 
stimuli were applied to 6 forearm sites. After each individual 
stimulation, participants answered 3 questions. First, they rated 
sensation intensity using a semicircular generalized labeled 
magnitude scale (gLMS), 5 ranging from “No sensation” (0˚) to 
“Barely detectable” (3˚ of scale angle), “Weak” (10˚), “Moderate” 
(29˚), “Strong” (64˚), “Very Strong” (98˚), and “Strongest sensation 
of any kind” (180˚). Then, they provided binary yes/no responses to
2 questions: (1) “Was the sensation painful?” and (2) “Is this level of 
stimulation tolerable for the duration of the experiment?”. The initial 
run familiarized participants with 47˚C heat stimuli applied to each 
of 6 skin sites. In run 2, 6 stimuli were presented at fixed 
temperatures (2 each at 45˚C, 47˚C, and 48.9˚C) to train initial 
regression models to estimate pain levels, pain threshold, and pain 
tolerance. Two logistic regression models were used to identify 
pain threshold and tolerance. The first model used “painful yes/no” 
binary responses as the outcome and predicted the likelihood of 
pain as a function of temperature. The second logistic regression 
model used “tolerable yes/no” binary responses as the outcome as 
a function of temperature. In runs 3 and 4 (6 trials each), we re-ran 
the logistic regression models after each trial, and adjusted the 
temperature on the next trial adaptively based on the predicted 
responses. Stimuli were randomly assigned to “low” and “high” 
categories (3 trials each per run). For a “low” stimulus, the 
temperature chosen was the temperature with a fitted probability of 
being above the pain threshold of 0.9 (ie, P_pain 5 0.9) from the 
logistic regression applied to all previous trials. For a “high” 
stimulus, the next temperature was the temperature with a fitted 
probability of being below the tolerance threshold of 0.9 (ie, 
P_tolerable 5 0.9) from the logistic regression applied to all 
previous trials. In this way, the adaptive algorithm results in 
sampling most densely from temperatures just above or below pain 
and tolerance thresholds, providing a successively better approx-
imation of these thresholds on each calibration trial. After all 
calibration trials, a linear regression model was used to identify the 
predicted pain intensity as a function of temperature. The 3 skin 
sites with the lowest mean absolute error in predicted pain intensity 
were selected for stimulation in subsequent sessions. This 
procedure helps ensure that all skin sites tested are approximately 
equally pain sensitive. Subsequent experimental tests balanced 
stimulation on all 3 sites equally in every experimental condition. For 
additional details on this adaptive pain calibration, see Ref. 21.

Participants with less than a 1˚C difference between pain and 
tolerance were excluded. Seventy participants completed the 
calibration session, and 56 participants passed and were 
selected for inclusion in the tDCS sessions.

2.3. Experimental sessions (sessions 2-4)

Participants returned for 3 additional sessions on separate days, 
with a minimum 4-day interval to minimize carryover effects of 
tDCS (13.6 6 11.7, range: 4-75 days between sessions), 
consistent with previous studies using multiday washout periods 
in crossover designs. 1,6,7 In each session, participants un-
derwent 3 eight-minute pain tests at 3 different skin sites on the 
right forearm (pre-tDCS, 12 trials per skin site, 36 trials total), 
followed by 20 minutes of continuous tDCS, a questionnaire 
about the tDCS experience, and finally 3 eight-minute pain runs at
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3 different skin sites on the right forearm (post-tDCS, 12 trials per 
skin site, 36 trials total). The 3 runs pre- and post-tDCS were 
conducted back-to-back, with no planned interval between 
them; the only pause was the ;30 seconds required to move and 
secure the thermode to a new skin site. TDCS was either left 
anodal M1, cathodal M1, or sham M1 stimulation, with 
participants randomly assigned to a treatment order (Fig. 1).

2.4. Noxious heat stimulation

Noxious heat was delivered randomly to 3 locations on the right 
forearm using a TSA-II Neurosensory Analyzer (Medoc Ltd) with 
a 16-mm thermode end-plate. Participants received three 8-
minute runs of repeated stimulation before and after tDCS 
stimulation (6 runs total). Each run included 12 trials with 6

randomly interleaved, individually calibrated low and 6 high 
temperatures (see Results for intensities) delivered to the right 
volar forearm. Each trial lasted for 40 seconds and started with 
a warning cue (the words “Get Ready”; 1 second), followed by a 2 
to 6 seconds delay, heat stimulation (13 seconds including 1.5 
seconds ramp-up/down, 10 seconds plateau), a 5 to 9 seconds 
delay, a pain rating period (7 seconds using the left hand), and 
a final 4 to 12 seconds delay before the next cue. Participants 
rated the sensation using the semicircular gLMS with their 
left hand.

2.5. Transcranial direct current stimulation design

Transcranial direct current stimulation was delivered using 
a StarStim 8 system (Neuroelectrics, Spain), which delivered 2

Figure 1. Overview of paradigm, design, and pain tests.
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mA of stimulation through saline-soaked circular sponge electro-
des (25 cm 2 each) for 20 minutes. A 30-second ramp-up and 
ramp-down period was included to minimize stimulation-related 
discomfort. The impedance of stimulation channels was moni-
tored before and during each session and remained below 10 kV 
for all participants, ensuring safe and uninterrupted stimulation 
delivery. Electrodes were placed over the C3 (the anode for 
anodal M1 tDCS) and FP2 (the cathode for anodal M1 tDCS) 
regions according to the 10-10 system. In the sham stimulation 
condition, the current was ramped up over 30 seconds, 
maintained for 1 minute, and then gradually ramped down to 
mimic the sensations of active stimulation. To preserve blinding, 
participants were randomly assigned to receive either anodal 
sham (C3 as anode, FP2 as cathode) or cathodal sham (FP2 as 
anode, C3 as cathode), with half allocated to each configuration.

After tDCS, participants completed a brief questionnaire 
assessing sensations commonly induced by tDCS. Using the 
same gLMS described earlier, participants rated the intensity of 
itching, tingling, metallic-iron taste, pain, pleasantness or un-
pleasantness, and warmth-heat. 21 These ratings were used to 
evaluate the subjective experience of tDCS-induced sensations, 
and to determine whether sensory side effects differed across 
stimulation conditions (anodal, cathodal, or sham). This helped 
rule out differences in perceived sensation as potential confounds 
contributing to the observed effects on pain modulation. In 
addition, to reduce dimensionality and identify underlying sensory 
dimensions, we conducted a factor analysis on the 6 sensation 
ratings. The resulting factors were subsequently entered into 
sensitivity models to examine whether individual differences in 
perceived stimulation sensations influenced poststimulation pain 
ratings.

After the last session, participants underwent a funneled 
debriefing. They were first asked to guess whether any of the 
sessions was active or sham. Then, they were informed that one 
of the sessions was sham and asked to guess which it was. These
2 questions were asked to assess participants’ blinding to the 
type of tDCS received, as well as to evaluate the sensations 
induced by tDCS.

This study used a triple-blind design in which participants, 
experimenters, and data analysts were all unaware of the 
stimulation condition. Each participant was assigned to one of
6 prerandomized stimulation sequences shown in Figure 1, 
generated in advance by a researcher not involved in data 
collection or analysis. During each session, the experimenter 
entered only the participant number and session number into 
a custom MATLAB program, which automatically applied the 
corresponding stimulation (anodal, cathodal, or sham) without 
revealing the underlying condition. The assigned stimulation was 
coded with anonymous session labels (eg, sessions A, B, and C), 
and the data provided to the analyst were fully deidentified and 
labeled only with participant IDs and blinded session codes. 
Thus, blinding of the analyst was achieved, ensuring that 
participants, experimenters, and data analysts all remained 
blinded to the stimulation condition throughout the study.

2.6. Analysis model

The study included a 3 3 2 experimental design (tDCS type 3 
Stimulus Intensity: anodal, cathodal, and sham 3 low and high 
temperature from calibrated pain and tolerance thresholds). We 
tested the main effects of each factor and their interaction, with 
planned contrasts capturing differences across tDCS conditions 
(Anodal . Cathodal & Sham, Cathodal . Sham), as well as the 
durability of tDCS effects over time, potential effects of testing

order, tDCS sensations, and other effects described below. 
Sensation ratings that deviated more than 3 standard deviations 
from a participant’s mean value within each of the 6 cells in the
3 3 2 design were excluded. Less than 1% of trials were excluded 
based on this criterion.

The statistical model was a mixed-effects model with random 
participant intercepts and random slopes for tDCS type, Stimulus 
Intensity, and tDCS type 3 Stimulus Intensity (low and high 
temperature). This model was implemented using the “fitlme” 
function in MATLAB R2024b (MathWorks, Natick, MA) with 
maximum likelihood parameter estimation. For this purpose, full 
trial-level data were included as well as covariates including 
pretreatment mean pain scores and treatment order groups (6 
groups; Fig. 1). Biological sex and age were included as 
between-person covariates. We considered additional covariates 
for sensations elicited by tDCS type (eg, itching, tingling, metallic-
iron taste, pain, warmth, and pleasantness), but anodal, 
cathodal, and sham tDCS produced equivalent self-reported 
sensations (all P . 0.25), so we did not include these covariates in 
the main model. The Satterthwaite method was used to estimate 
the degrees of freedom. In addition, to screen for baseline 
biological sex differences, we compared calibrated pain and 
tolerance thresholds between biological women and biological 
men using independent-samples Welch t-tests. The mixed-
effects model used in this study is summarized as:

Pain 2 Post;1 1 Biological  Sex 1 Age 1 Noxious  Heat

1 Pain-Pre 1 Days 3 Runs 3 Trials 1 Stim  Order

1 tDCS 2 An  vs:  Other 1 tDCS 2 Ca  vs:  Shamð Þ
3 Runs 3 Trials 1 Stimulus  Intensityð Þ
1 Days 3 Runs 3 Trialsð Þ
1 tDCS 2 An  vs:  Other 1 tDCS 2 Ca  vs:  Shamð Þ
3 Runs 3 Trials 1 Stimulus  Intensityð Þj Participantð Þ 

(1)

In equation 1, Pain-Post is the pain rating on each trial after tDCS 
treatment. Transcranial direct current stimulation-An vs Other 
represents the effect of anodal vs average effect of cathodal and 
sham stimulation (coded with [2/3, 21/3, 21/3] for anodal, 
cathodal, and sham), tDCS-Ca vs Sham represents cathodal vs 
sham stimulation (coded with [0, 1/2, 21/2] for anodal, cathodal, 
and sham). Pain-Pre is the mean pain rating before tDCS in each 
session. Stim Order refers to 6 different stimulation orders across 3 
tDCS sessions (coded with integers 1-6 for the different order 
types, see Fig. 1 for 6 different orders for 3 tDCS sessions). Days, 
Runs, and Trials refer to linear effects of session (testing day, 3 in 
total, mean-centered), run number (run within session across 3 
runs, mean-centered within day), and trial number (trial within run 
across 12 trials, mean-centered within run), respectively. These 
variables were included to control for habituation and/or sensiti-
zation across time. Age and Biological Sex refer to the age and 
biological sex of each participant, Stimulus Intensity represents the 
temperature obtained by calibration (low and high temperature 
based on pain and tolerance threshold, coded with 1 and 21 for 
high and low), Noxious Heat refers to the temperature of the 
applied stimulus, and Participant represents the random effect of 
the participant. In this model, the interactions between tDCS type 
and Runs and tDCS type and Trials within run test the effect 
durability of tDCS over the 35-min poststimulation test period. 
Anodal vs sham effects were tested using a separate mixed model 
focusing on this comparison, including other factors and covariates 
as above. In addition, a simplified model without interaction terms 
was also tested to assess the robustness of the tDCS effects.
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To compare the reaction time before and after tDCS, a model 
similar to equation (1) was used, as follows:

logðRT 2 PostÞ  ;  1 1 Biological  Sex 1 Age 1 Noxious  Heat

1 logðRT 2 PreÞ 1 Days 3 Runs 3 Trials 1 Stim  Order

1 ðtDCS 2 An  vs:  Other 1 tDCS 2 Ca  vs:  ShamÞ
3 ðRuns 3 Trials 1 Stimulus  IntensityÞ 1 ðDays 3 Runs

3 Trials 1 ½tDCS 2 An  vs:  Other 1 tDCS 2 Ca  vs:  Sham �
3 ½Runs 3 Trials 1 Stimulus  Intensity �   j  ParticipantÞ

(2)

In equation (2), RT-Post is the reaction time of pain ratings after 
tDCS and RT-Pre is the reaction time of pain ratings before tDCS. 
The remaining variables used in equation (2) are similar to those 
ones used in equation (1).

A few minor deviations from the pre-registered analysis plan 
were made. Age was added as a covariate to improve model 
precision. Sensory ratings (eg, itching, tingling, warmth) were not 
included in the primary model because they did not significantly 
differ across stimulation conditions, but were examined in 
a follow-up sensitivity model. Finally, we analyzed reaction time 
to assess potential motor effects of tDCS, although this outcome 
was not included in the pre-registration.

3. Results

3.1. Calibration

The mean 6 standard deviation values for pain and tolerance 
thresholds were 46.4 6 0.7˚C and 48.2 6 0.7˚C, respectively, and 
a within-person difference 1.8 6 0.8˚C (Fig. 2 for the distribution 
of low and high temperatures). This study recruited an equal 
number of participants from both biological sexes, and there was 
no significant difference in the mean values for pain and tolerance 
between biological men and biological women (P . 0.05).

3.2. Sensations caused by transcranial direct 
current stimulation

In sessions 2 to 4, after each tDCS session, participants rated the 
sensations evoked by stimulation. Ratings included itching, 
tingling, metallic/iron taste, pleasantness or unpleasantness, 
warmth/heat, and pain (Fig. 3). A one-way repeated-measures 
ANOVA comparing anodal, cathodal, and sham stimulation 
sessions revealed no statistically significant differences in 
reported sensations across stimulation types (all P-values . 
0.25), indicating no evidence that the type of stimulation 
systematically influenced sensory experiences.

To further examine the structure of these subjective sensa-
tions, factor analysis on the 6 rated dimensions resulted in 2 latent 
factors. The first factor, characterized by strong positive loadings 
for pain and warmth-or-heat and a negative loading for 
pleasantness, likely represents a scalp pain-and-heat sensory 
dimension, where higher pain and thermal sensations are 
associated with lower pleasantness. The second factor, with 
high positive loadings for itching and tingling, seems to reflect an 
itching-tingling sensory dimension, capturing cutaneous and 
paresthetic sensations. These factors were used in a secondary 
model to evaluate whether sensory experience moderated the 
effects of tDCS on pain ratings.

3.3. Transcranial direct current stimulation effects on pain

As shown in Figure 4 and Table 1, Pain was significantly reduced 
for anodal relative to the average effect of cathodal and sham 
stimulations (a main effect of tDCS-An vs Other, F(1,36.4) 5 52.1, 
P , 0.001, Cohen’s d 5 0.93 for anodal vs cathodal and Cohen’s 
d 5 0.85 for anodal vs sham) and significantly increased for 
cathodal relative to sham (a main effect of tDCS-Ca vs Sham, 
F(1,45) 5 9.9, P , 0.01, Cohen’s d 5 0.34). As expected, pain 
was higher with higher Stimulus Intensity (a main effect of 
Stimulus Intensity, F(1,50.0) 5 183.2, P , 0.001). We found no 
significant effect for Noxious Heat (F(1,34.2) 5 2.5, P 5 0.12). 
There were no tDCS type 3 Stimulus Intensity interactions (see 
Table 1 for statistics).

As expected, post-treatment pain was higher when pre-
treatment pain was higher on the same day, reflecting day-to-day 
variability (Pain-Pre, F(1,82.4) 5 410.4, P , 0.001). Pain 
increased significantly across Days (F(1,48.1) 5 4.2, P , 0.05) 
and Runs within day (F(1,49.8) 5 4.2, P , 0.05), reflecting 
sensitization effects observed in some previous studies, 48 but not 
significantly across Trials within-run (F(1,49.1) , 0.001, P 5 
0.99). We found no main effects of treatment order (Stim Order; 
F(5,30.9) 5 2.1, P 5 0.08), consistent with a lack of carry-over 
across sessions.

Between-person demographic covariates indicated that pain 
was lower for biological men relative to biological women 
(F(1,34.7) 5 4.7, P , 0.05), a frequent but not ubiquitous finding 
in prior literature, 30 and lower in older participants (F(1,34.4) 5 
12.8, P , 0.01).

Transcranial direct current stimulation effects were stable 
across the testing session and did not diminish across the 35-min 
post-tDCS testing period, as suggested by nonsignificant 
interactions between tDCS-An vs Other or tDCS-Ca vs Sham 
and Runs within day or Trials within run. Thus, the effects of 20-
minute tDCS did not “wear off” over time. In addition, no 
differences were observed between anodal-sham (C3 anode and 
FP2 cathode) and cathodal-sham (FP2 anode and C3 cathode) 
configurations in poststimulation pain ratings (all P . 0.30), 
indicating that the 2 sham montages were equivalent. Full fixed 
effect coefficients, F statistics, error degrees of freedom, and

Figure 2. Calibration results. Boxplots indicate the median, 25th, and 75th 
percentiles, and individual data points.
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P-values for the main model (equation 1) are summarized in 
Table 1. Violin plots for effects of tDCS Type (anodal vs cathodal, 
anodal vs sham, and cathodal vs sham comparisons), pain rating 
change (Post - Pre) for high and low temperature, and pain ratings 
before and after tDCS for high and low temperature are shown in 
Figure 4.

To visualize how pain responses evolved over time during the 
test session across tDCS conditions, we plotted model-corrected 
pre- and poststimulation pain ratings across the 3 runs and 12 trials 
within each run for cathodal, sham, and anodal stimulation 
(Fig. 4F–G). For poststimulation ratings, the model adjusted for 
baseline pain ratings (Pain-Pre), Days, Stimulus Intensity, Noxious 
Heat, Stim Order, Biological Sex, and Age as fixed effects, with 
subject-level random intercepts and slopes. Prestimulation ratings 
were corrected using the same model structure, excluding Pain-

Pre as a covariate. We observed a sharp drop in pain ratings from 
the first to the second trial across all 3 runs and in both pre- and 
post-tDCS sessions. This immediate decrease likely reflects 
a combination of rapid sensory adaptation and central habituation 
processes, consistent with previous findings. 42,44,65

3.4. Sensitivity analyses to examine robustness of 
transcranial direct current stimulation effects

We conducted several types of sensitivity analysis to test whether 
the main findings remained significant across different modeling 
choices. A simplified mixed-effect model with only the main 
effects and interaction, but without additional covariates, showed 
the same pattern of effects: The critical tDCS-An vs Other and 
tDCS-Ca vs Sham effects remained significant (both P , 0.001).

Figure 3. Sensations caused by anodal, cathodal, and sham tDCS. (A–F): no significant difference between the sensations (itching, tingling, metallic-iron, pain, 
pleasantness/unpleasantness, and warmth-heat) evoked by each type of tDCS (P . 0.09). Boxplots indicate the median, 25th, and 75th percentiles, and 
individual data points.
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Figure 4. Main findings for pain sensation. (A) The effects of anodal vs cathodal, anodal vs sham, and cathodal vs sham stimulation on pain sensation. (B–C) Treatment 
effects (Post-treatment—Pretreatment pain rating change) for each of the 3 stimulation types and for each of high temperature (left panel) and low temperature (right 
panel). (D–E) Pain ratings pre and post-treatment for each of the 3 stimulation types and for each of high-temperature (left panel) and low-temperature (right panel) heat. (F) 
Model-corrected prestimulation pain ratings across 3 runs and 12 trials within each run for anodal, cathodal, and sham stimulations. Corrections removed variance from 
nuisance covariates (eg, Days, Stimulus Intensity, Noxious Heat, Stim Order, Age, and Biological Sex) using a simplified mixed-effects model. (G) Model-corrected 
poststimulation pain ratings across 3 runs and 12 trials within each run for anodal, cathodal, and sham stimulations. Corrections removed variance from nuisance 
covariates (eg, Pain-Pre, Days, Stimulus Intensity, Noxious Heat, Stim Order, Age, and Biological Sex) using a simplified mixed-effects model. This isolates stimulation-
related effects on pain trajectories. Boxplots indicate the median, 25th, and 75th percentiles, and individual data points. Dots reflect effect magnitude estimates of 
individual participants. All values were adjusted to remove participant-level intercepts. ***P , 0.001; **P , 0.01; *P , 0.05 two-tailed.
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A second model tested potential interactions with tDCS 
sensations, which could potentially alter expectations and thus 
affect pain ratings, as has been found with previous studies of 
side effects. 79 The 2 sensory dimensions identified through factor 
analysis were included as predictors, along with their interactions 
with tDCS type in the mixed-effects model in equation (1). The 
effects of tDCS-An vs Other and tDCS-Ca vs Sham remained 
significant (both P , 0.001), indicating that the observed effects 
on pain were not attributable to individual differences in sensory 
experience across stimulation conditions.

A third model tested the potential interaction between tDCS 
and Biological Sex and Age, and the results showed the effect of 
tDCS-An vs Others and tDCS-Ca vs Sham effect remained 
significant (P , 0.001 and P , 0.01, respectively), without any 
significant interaction with Biological Sex and Age (P . 0.64 and 
P . 0.15, respectively).

A fourth model tested the effect of anodal vs Sham (tDCS-An vs 
Sham) and cathodal vs average of anodal and sham (tDCS-Ca vs 
Other). The results showed that pain was significantly reduced for 
anodal relative to sham stimulation (a main effect of tDCS-An vs 
Sham, F(,.35.1) 5 41.1, P , 0.001) and significantly increased for 
cathodal relative to the average effect of anodal and sham

stimulations (a main effect of tDCS-Ca vs Other, F(1,42.7) 5 33.3, 
P , 0.001).

Finally, to assess potential randomization failures, a one-way 
repeated-measures ANOVA was conducted on the average pre-
tDCS pain ratings across the 3 stimulation sessions. The analysis 
revealed no significant differences in baseline pain ratings among 
sessions for either the low-temperature stimuli (F(2,147) 5 1.2, 
P 5 0.31) or the high-temperature stimuli (F(2,147) 5 0.4, P 5 
0.64). These results suggest that randomization was adequate 
and there were no group differences at baseline.

We have examined effects on pain across 3 time scales and 
observed: (1) effects of day, with a modest increase in pain across 
days; (2) effects of run within day, with a modest increase in pain 
across runs within a day; and (3) effects of trial within run, with 
a drop in pain after the first trial followed by a gradual increase. 
Trial effects across 3 runs are shown in Figure 4F. This study was 
designed so that the effects of day, run, and trial on pain are not 
confounded with stimulation effects, because stimulation effects 
are fully orthogonal to these variables by design. The effects of 
tDCS stimulation remained significant whether we controlled for 
these variables and did not interact with them. In additional 
analyses, we also found that tDCS effects remained significant

Table 1

Mixed-effects model results for pain perception after tDCS.

Variable Estimate F-stat DF1 DF2 P

Intercept 250.48 1.9 1 34.1 0.17

Days* 0.72 4.2 1 48.1 ,0.05

Runs* 0.71 4.2 1 49.8 ,0.05

Stimulus intensity† 9.77 183.2 1 50.0 ,0.001

Noxious heat 1.23 2.5 1 34.2 0.12

Trials 5.81e-04 ,0.001 1 49.1 0.99

Pain-Pre† 0.72 410.4 1 82.4 ,0.001

tDCS-An vs other† 26.39 52.1 1 36.4 ,0.001

tDCS-Ca vs Sham‡ 2.48 9.9 1 45.0 ,0.01

Stim order§ n.a 2.1 5 30.9 0.08

Biological sex—M vs F* 22.00 4.7 1 34.7 ,0.05

Age‡ 20.19 12.8 1 34.4 ,0.01

Days:runs 0.29 0.5 1 31.3 0.49

Days:trials 2.20e-02 0.2 1 115.6 0.66

Runs:trials† 20.25 13.8 1 54.4 ,0.001

Runs: tDCS-An vs other 0.24 0.1 1 39.5 0.72

Stimulus intensity: tDCS-An vs other 0.33 0.4 1 50.8 0.52

Trials: tDCS-An vs other 9.57e-02 1.2 1 136.0 0.27

Runs: tDCS-Ca vs Sham 20.12 ,0.1 1 19.4 0.86

Stimulus intensity: tDCS-Ca vs Sham 20.24 0.1 1 50.2 0.70

Trials: tDCS-Ca vs Sham 1.73e-02 ,0.1 1 91.2 0.86

Days:runs:trials 0.11 2.3 1 74.3 0.13

Runs:trials:tDCS-An vs other 7.80e-02 0.3 1 53.3 0.58

Runs:trials:tDCS-Ca vs Sham 20.17 1.5 1 54.1 0.22

* P , 0.05 two-tailed.
† P , 0.001 two-tailed.
‡ P , 0.01 two-tailed.
§ n.a., not applicable.
For Stim Order, a categorical variable with 6 levels, only the overall F-test and P-value are reported; no single estimate is shown. 
“:”, means interaction between variables.
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after eliminating the first trial of each run (where the largest drop 
occurred). Therefore, changes in pain across time do not affect 
the generalizability of our stimulation findings.

3.5. Assessments of blinding

Analyses of debriefing questions indicated that participants could 
not discriminate active from sham tDCS. Thirty-eight of 50 
participants (76%) initially guessed that all conditions were active. 
When informed that exactly one session was sham and asked to 
identify which of the 3 sessions was the sham, participants 
performed significantly worse than chance, with 12 of 50 (24%) 
guessing correctly. Thus, any expectancy effect would thus be 
expected to favor sham.

3.6. Effects on reaction time

The results of the reaction time analysis are presented in Figure 5 
and Table 2. Reaction time (RT) significantly increased for anodal 
relative to cathodal and sham stimulations (main effect of tDCS-
An vs Other, F(1,47.6) 5 4.1, P , 0.05, Cohen’s d 5 0.16 for 
anodal vs cathodal and sham). This could indicate an effect of 
tDCS on either motor function or confidence in pain ratings. RT 
was also lower with higher Stimulus Intensity (see Table 2 for 
statistics). As expected, post-treatment RT covaried with pre-
treatment RT on the same day (RT-Pre, F(1,63.3) 5 992.8, P , 
0.001). RT also decreased significantly across Runs within day 
(F(1,55.2) 5 5.0, P , 0.05), indicating a practice effect, but not 
significantly across Trials within-run (F(1,62.0) 5 2.9, P 5 0.09).

Full fixed effect coefficients, F statistics, error degrees of freedom, 
and P values for the main model (equation 2) are summarized in 
Table 2, and violin plots for the tDCS type (anodal vs cathodal, 
anodal vs sham, and cathodal vs sham comparisons) and 
reaction time change (Post-Pre) for high and low temperature are 
shown in Figure 5.

There was no significant correlation between reaction time 
slowing and the analgesic effects of tDCS (P . 0.10), suggesting 
that reaction time changes were independent of pain modulation.

4. Discussion

This study used a pre-registered, triple-blind, randomized, within-
subject crossover study including 4 separate sessions to 
investigate the effects of left M1-tDCS on thermal pain 
modulation in healthy adults. Session 1 adaptively calibrated 
thermal intensities, establishing each participant’s pain and 
tolerance thresholds for low- and high-intensity stimuli in the 
tDCS sessions. This was followed by 3 tDCS sessions—anodal, 
cathodal, and sham—administered in a counterbalanced order 
with a minimum 4-day interval between sessions to minimize 
carryover effects. Unlike many previous studies that used small
sample sizes, 2,22,31,37,39,41,45,49,50,53,62,67,68,82,88 used limited
numbers of pain trials, and relied on static pain proto-
cols, 10,11,31,38,39 this study incorporated repeated pain trials with 
randomized stimulus intensities, potentially reducing bias and 
demand characteristics, both before and after tDCS. Demand 
characteristics refers to features of the experimental context that 
may lead participants to infer the study’s hypotheses or expected

Figure 5. Main findings for reaction time. (A) The effects of anodal vs cathodal, anodal vs sham, and cathodal vs sham stimulation on reaction time. (B–C) 
Treatment effects (Post-treatment—Pretreatment reaction time change) for each of the 3 tDCS types, and for each of high temperature (left panel) and low 
temperature (right panel) heat. Boxplots indicate the median, 25th, and 75th percentiles, and individual data points. Dots reflect effect magnitude estimates of 
individual participants. All values were adjusted to remove participant-level intercepts. ***P , 0.001; **P , 0.01; *P , 0.05 two-tailed.
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outcomes and adjust their responses accordingly (ie, participants 
reporting what they think experimenters expect them to report), 71 

a factor of particular relevance in pain research where expect-
ations strongly influence reported experience. 47 Furthermore, we 
conducted systematic assessments of blinding, sensitivity to 
modeling choices and inclusion of covariates, and reaction time. 
These enhancements helped produce a larger and more reliable 
effect size than many earlier studies, addressing key gaps in 
reproducibility and methodological consistency in the tDCS pain 
literature.

The results demonstrated that anodal tDCS applied to left M1 
significantly reduced both low and high pain intensity ratings for 
trials administered to the contralateral right forearm, while 
cathodal tDCS increased low pain intensity, when comparing 
pre- and post-tDCS pain ratings. In addition, reaction time by the 
left hand in response to pain stimuli to the right forearm was 
significantly increased after anodal stimulation, suggesting 
possible interhemispheric inhibition effects. No significant in-
teraction was observed between tDCS and runs or trials, 
indicating consistent effects across time. The analgesic effect of 
anodal tDCS and the hyperalgesic effect of cathodal tDCS 
remained robust throughout the poststimulation testing period. 
Notably, across all conditions, pain ratings dropped sharply from 
the first to the second trial (Fig. 4). The sharp drop in pain ratings

from the first to the second trial across all 3 runs and in both pre-
and post-tDCS sessions may reflect decreased nociceptor 
responsiveness and reduced central pain processing, as well 
as heightened initial responses due to novelty or anticipatory 
arousal that fade with repeated exposure. 46,47

The analgesic effects of anodal M1-tDCS may reflect 
engagement of descending pain modulatory pathways and 
increased inhibitory control over pain-processing regions. Pre-
clinical studies have implicated brainstem structures such as the 
PAG and RVM in pain modulation after M1 stimulation, 34 along 
with modulation of thalamocortical circuits, 52,69 which could 
further affect pain perception. Conversely, cathodal tDCS may 
reduce cortical excitability and disrupt these pathways, leading to 
increased pain perception. 55 These circuit-level mechanisms 
remain speculative, as they were not directly assessed in this 
study.

The observed slowing of reaction time in the left hand after 
anodal stimulation of the left M1 is consistent with interhemi-
spheric inhibition, where increased excitability in the stimulated 
hemisphere suppresses contralateral motor cortex activity. This 
phenomenon has been demonstrated in previous motor cortex 
stimulation studies. 29,84,85 The corpus callosum likely mediates 
this inhibitory interaction, facilitating suppression of contralateral 
activity to optimize task performance and support hemispheric

Table 2

Mixed-effects model results for reaction time after tDCS.

Variable Estimate F-stat DF1 DF2 P

Intercept 0.19 0.1 1 53.8 0.74

Days 1.69e-02 2.6 1 50.3 0.11

Runs* 21.24e-02 5.0 1 55.2 ,0.05

Stimulus intensity† 21.73e-02 14.3 1 54.8 ,0.001

Noxious heat 21.23e-03 ,0.1 1 53.5 0.92

Trials 22.18e-03 2.9 1 62.0 0.09

RT-Pre† 0.85 992.8 1 63.3 ,0.001

tDCS-An vs other* 3.69e-02 4.1 1 47.6 ,0.05

tDCS-Ca vs. Sham 1.57-03 ,0.01 1 45.3 0.94

Stim order‡ n.a 1.0 5 48.7 0.44

Biological sex—M vs F 2.06e-03 ,0.1 1 55.6 0.88

Age 3.62e-04 0.2 1 51.8 0.65

Days:Runs 9.42e-03 2.3 1 74.9 0.13

Days:trials* 24.05e0-3 6.5 1 53.9 ,0.05

Runs:trials 21.84e-04 ,0.1 1 80.9 0.89

Runs: tDCS-An vs other 21.96e-03 ,0.1 1 96.4 0.84

Stimulus intensity: tDCS-An vs other 25.63e0-3 0.5 1 93.4 0.50

Trials: tDCS-An vs other 21.72e-04 ,0.01 1 69.8 0.94

Runs: tDCS-Ca vs Sham 21.88e-03 ,0.1 1 82.7 0.87

Stimulus intensity: tDCS-Ca vs Sham 28.86e-03 0.8 1 69.9 0.37

Trials: tDCS-Ca vs Sham 23.48e-03 1.4 1 94.2 0.23

Days:runs:trials 29.40e-04 0.3 1 93.2 0.59

Runs:trials: tDCS-An vs other 5.66e-05 ,0.001 1 125.2 0.98

Runs:trials:tDCS-Ca vs Sham 1.43e-03 0.2 1 134.7 0.65

* P , 0.05 two-tailed.
† P , 0.001 two-tailed.
‡ n.a., not applicable.
For Stim Order, a categorical variable with 6 levels, only the overall F-test and P-value are reported; no single estimate is shown.
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specialization. 8,16,51 While interhemispheric inhibition was not 
directly measured in this study, it can be assessed using TMS-
based protocols or concurrent neuroimaging techniques in future 
studies.

The results of this study have potential clinical implications, 
particularly for the use of tDCS in the treatment of different pain 
conditions. While experimental pain and clinical pain are not the 
same phenomena, evoked hypersensitivity and/or allodynia is 
a feature of many chronic pain conditions 86,87 and an important 
part of the broader syndrome of chronic pain, energetic, and 
mood dysregulation experienced by many people in chronic pain. 
Accordingly, quantitative sensory testing of evoked pain 
responses is an important, widely used tool for helping to 
diagnose and understand chronic pain. 3,59,77 In addition, proto-
cols similar to the M1 stimulation that we studied here have been 
used to modulate clinical pain, both with tDCS in research 
studies 4,58,62,81 and TMS in research studies and clinical 
practice. 14,35,81 The ability to modulate pain perception non-
invasively through targeted cortical stimulation holds significant 
promise for improving pain management, especially in patients 
who do not respond well to traditional pharmacological treat-
ments. The findings from this study suggest that tDCS could be 
effective in reducing pain at a fundamental level, even when it is 
known to be nociceptive in origin. Furthermore, this study 
demonstrates evidence for experimental pain modulation, but 
more work is needed to evaluate its efficacy in clinical populations. 
Future studies should test this approach in individuals with chronic 
pain to determine its translational potential. Although the present 
findings demonstrate that M1-tDCS can modulate pain percep-
tion behaviorally, the underlying neural mechanisms remain 
speculative and were not directly assessed in this study. Future 
research should use neuroimaging techniques such as functional 
MRI (fMRI) to assess activity changes in the PAG, thalamus, and 
pain-related cortical regions, as well as electroencephalography 
(EEG) to evaluate cortical excitability and interhemispheric 
connectivity. These approaches would help determine whether 
M1-tDCS engages descending modulatory systems, influences 
thalamo-cortical loops, or modulates sensorimotor integration. To 
address durability, we explicitly tested the interaction of tDCS 
Type with both Runs and Trials in our linear mixed-effects model 
(equation 1). As summarized in Table 1, these interactions were 
nonsignificant, suggesting that the effects of tDCS remained 
stable across time without evidence of decay across the 35-
minute poststimulation period. Further research is also needed to 
refine stimulation protocols, test durability (eg, 24 hours vs 1 
month), optimize parameters, and test generalizability across 
different body sites, affective pain components, and chronic pain 
conditions. Establishing the neural mechanisms of tDCS in 
humans is critical for translating these findings into effective and 
personalized pain treatments.

One limitation of this study is the use of standard electrode 
placement to target the left M1 without accounting for individual 
anatomical variability. Although C3 is commonly used as a proxy 
for M1 in tDCS studies, this method does not guarantee precise 
localization across participants due to interindividual differences 
in cortical anatomy. 18,43,54,66,70 As such, it is possible that 
stimulation extended beyond or did not optimally target M1 in all 
individuals. This limitation should be considered when interpret-
ing the observed effects as M1-specific. Future studies using 
MRI-guided individualized current flow modeling would provide 
more accurate targeting and help clarify the specific cortical 
regions involved in mediating the effects of tDCS. Another 
limitation is the exclusion of participants whose pain threshold 
and tolerance differed by less than 1˚C. This criterion, consistent

with prior experimental pain research, 27,72 was applied for both 
scientific and safety reasons. A minimum 1˚C gap ensured that 
the “low” and “high” temperatures were perceptually distinct, 
enabling valid comparisons of pain modulation while minimizing 
the risk of overstimulation or tissue damage. Importantly, previous 
reliability studies of quantitative sensory testing have shown that 
the standard error of measurement for heat pain thresholds is 
approximately 1˚C, meaning that smaller differences fall within 
typical measurement error and cannot be distinguished. 64 

Classic psychophysical validation studies have further demon-
strated that pain ratings behave as ratio-scale measures across 
clearly separated stimulus intensities, reinforcing the need for 
perceptually distinct stimulus differences. 76 Future research 
aimed at clinical translation should evaluate neurostimulation 
effects in larger, more diverse populations that reflect the 
communities they are intended to serve.

5. Conclusions

This study demonstrates that 20 minutes of anodal tDCS over 
the left primary motor cortex produces large, durable reductions 
in evoked nociceptive pain (P , 0.001; Cohen’s d 5 0.93 and 
0.85 compared with cathodal and sham, respectively), and 
cathodal stimulation increased pain relative to sham (P , 0.01; 
Cohen’s d 5 0.34). The polarity-specific effects were robust and 
remained stable across a 35-minute poststimulation testing 
period. Conducted as a pre-registered, triple-blind, randomized 
crossover trial with a larger sample size (N 5 50), the study 
overcame key limitations of prior work through methodological 
rigor and comprehensive experimental control. We used 
a within-subject design to reduce interindividual variability, an 
adaptive pain calibration procedure to personalize stimulus 
intensity, and dynamic pain assessment across multiple trials to 
enhance sensitivity to change. The inclusion of anodal, 
cathodal, and sham conditions in counterbalanced order, with 
sufficient washout periods, minimized carryover effects and 
enabled strong within-participant contrasts. Importantly, the 
effects were unrelated to tDCS-evoked sensations, and 
systematic blinding assessments confirmed that participants 
were unable to reliably distinguish active from sham stimulation, 
strengthening internal validity. Reaction time data further 
revealed a modest slowing after anodal stimulation (P , 0.05; 
Cohen’s d 5 0.16), consistent with interhemispheric motor 
inhibition, although this change was uncorrelated with analge-
sia, suggesting independent effects on sensory and motor 
dimensions of pain processing. Taken together, these findings 
provide compelling, reproducible evidence that M1-tDCS 
produces polarity-specific modulation of pain and highlight the 
value of rigorous design for advancing noninvasive neuro-
modulation research.
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