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Purpose: Previous studies have indicated that transcranial direct current stimulation (tDCS) 

with the anode over the motor cortex and the cathode over the contralateral supraorbital region 

is effective in reducing clinical pain in patients with chronic pain, but these studies have not 

focused on experimental pain sensitivity. Therefore, the aim of this study was to examine the 

effect of tDCS on experimental pain sensitivity in older adults with knee osteoarthritis (OA).

Patients and methods: Forty community-dwelling participants aged 50–70 years with knee 

OA pain were randomly assigned to receive five daily sessions of 2 mA tDCS for 20 minutes 

(n = 20) or sham tDCS (n = 20) using a parallel group design. A multimodal quantitative sensory 

testing battery was completed, including heat pain, pressure pain threshold (PPT), punctate 

mechanical pain, and conditioned pain modulation (CPM).

Results: The active tDCS group showed greater increases in heat pain thresholds and tolerances, 

PPTs, and CPM, and reductions in punctate pain. In addition, beneficial changes in experimental 

pain measures were associated with reductions in clinical pain. Future studies are needed to 

extend these findings to better understand the underlying mechanisms of tDCS as well as to 

optimize treatment parameters including number and duration of stimulation sessions.

Conclusion: Our findings demonstrate that tDCS reduces experimental pain sensitivity, and 

these beneficial changes in experimental pain measures were associated with reductions in 

clinical pain.

Keywords: transcranial direct current stimulation, knee osteoarthritis, quantitative sensory 

testing, Bayesian analysis

Introduction
Osteoarthritis (OA), which is the most common form of the arthritis, is a leading cause 

of pain, functional impairments, and disability in older adults.1,2 However, patients 

with knee OA pain often have inadequate pain relief.3 Also, recent literature suggests 

that knee OA pain is characterized by altered central pain processing,4–7 which may 

explain the limited success of existing peripherally based treatments that target the pain 

locally in the area of the knee. Moreover, neuroimaging studies have revealed increased 

blood-oxygen-level dependent activity in response to pain stimuli in people with knee 

OA.8–10 Therefore, interventions targeting central nervous system pain processing have 

received significant attention to manage knee OA pain.

Recently, there is a growing interest in the transcranial direct current stimulation 

(tDCS) for the treatment of pain in chronic conditions due to its neuromodulatory 
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effect as it can change the brain activity in a noninvasive, 

painless, and safe way.11–14 tDCS with the anode electrode 

placed over the primary motor cortex (M1) of the hemisphere 

contralateral to the affected knee and with the cathode elec-

trode placed over the supraorbital region (SO) ipsilateral to 

the affected knee (referred to hereafter as M1-SO tDCS) 

involves the application of weak direct electric current to 

the scalp in a noninvasive and painless manner, leading to 

the modulation of neuronal resting membrane potentials 

and alteration of the endogenous excitability of the targeted 

brain tissue.15–17

Persons with OA are reported to display higher experi-

mental pain sensitivity, such as lower heat pain thresholds 

and tolerances, lower pressure pain threshold (PPT), and 

higher punctate mechanical pain.6,18,19 However, previous 

studies, including ours, examined clinical outcomes asso-

ciated with tDCS,11,13,20,21 but few studies reported changes 

in experimental pain sensitivity after tDCS. The examina-

tion of the effect of tDCS on experimental pain sensitivity, 

which can be different based on the parameters of tDCS (eg, 

polarity, electric current intensity, and target site), could help 

clinicians and researchers to better understand the underly-

ing mechanisms of action involved with tDCS and the role 

played by the cortex in the integration of nociceptive infor-

mation. Unfortunately, the few studies that have assessed 

experimental pain sensitivity have not focused on M1-SO 

tDCS with an electrical current of 2 mA intensity in older 

adults.22 Therefore, the aim of this study was to examine 

the effect of tDCS on experimental pain sensitivity in older 

adults with knee OA and how these changes in experimental 

pain sensitivity are related to OA-related clinical pain and 

function changes.

Patients and methods
Study participants
Detailed selection criteria and enrollment procedures were 

published and described previously.21 Briefly, 40 participants 

aged 50–70 years with self-reported knee OA pain based on 

the American College of Rheumatology criteria23 from North 

Central Florida were recruited into the study. Participants 

were excluded if they have any concurrent medical condi-

tions that could confound interpretation of outcome measures 

(eg, systemic lupus erythematosus, rheumatoid arthritis, or 

fibromyalgia), pose a safety risk for any of the assessment 

or tDCS procedures (eg, history of stroke, seizure, brain 

tumor, brain surgery, or intracranial metal implantation), or 

preclude successful completion of the protocol (eg, cognitive 

impairment, or alcohol/substance abuse).

This double-blinded, randomized, sham-controlled pilot 

study was approved by the institutional review board of Uni-

versity of Florida prior to commencement and is registered 

at clinicaltrials.gov (NCT02512393). All participants were 

provided with detailed information about the protocol and 

aware that they could receive either sham or active stimula-

tion. Written informed consent was obtained from all par-

ticipants before participation.

experimental design
The study was conducted in a double-blind and sham-

controlled design to ensure that neither participants nor 

experimenters were aware of the stimulation condition. All 

participants underwent five daily sessions of stimulation 

for 20 minutes. Participants were randomly assigned to 

either the active or the sham tDCS group in a 1:1 ratio, and 

allocation concealment was ensured. The stimulations were 

administered by a Soterix Clinical Trial direct current stimu-

lator (Soterix Medical Inc., New York, NY, USA) to deliver 

experimenter- and participant-blinded tDCS. The experiment-

ers entered a six-digit blinded code into the device to deliver 

noninvasive brain stimulation so that they were blind to the 

condition. The participants were blinded with regard to the 

type of tDCS, and they knew that they could receive either 

sham or active stimulation. Only the statistician who had no 

involvement in data collection de-identified the data at the 

completion of the study.

tDCS intervention
tDCS with a constant current of 2 mA intensity was applied 

for 20 minutes once a day for 5 consecutive days using a 

pair of saline-saturated rectangular sponge electrodes sized 

5 × 7 cm (35 cm2). The anode electrode was placed over 

C3 or C4 (10–20 systems for electroencephalography elec-

trode placement) contralateral to the affected knee, and the 

cathode electrode was placed over the SO contralateral to 

the anode (M1-SO montage). A panel of the experts at the 

European Chapter of the International Federation of Clinical 

Neurophysiology recommended M1-SO tDCS for possible 

efficacy among population with chronic pain.24 M1-SO tDCS 

is believed to modulate pain processing pathways25,26 and 

provide a broad pattern of stimulation to motor, somatosen-

sory, and frontal cortices implicated in pain sensitivity.11,27,28

For sham tDCS, the electrodes were placed in the same 

positions but included only ramp-up and ramp-down periods 

(30 seconds each) at the beginning and end to mimic somato-

sensory perception of active tDCS. This sham stimulation 

method has been shown to be reliable.11,29
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OA-related clinical pain and function 
measures
The Numeric Rating Scale (NRS) and Western Ontario and 

McMaster Universities Osteoarthritis Index (WOMAC)30 

were used to measure OA-related pain and function. The 

NRS assessing current knee pain ranges from 0 (no pain) to 

100 (worst pain imaginable), and the WOMAC ranges from 

0 to 96, with higher scores indicating worse OA symptoms. 

These scales have been widely used in clinical pain studies, 

and psychometric properties have been demonstrated.30–32

Quantitative sensory testing procedures
A multimodal quantitative sensory testing battery was com-

pleted, including heat pain (ie, threshold and tolerance), PPT, 

punctate mechanical pain, and conditioned pain modulation 

(CPM). The order of heat and mechanical testing was ran-

domized and counterbalanced, while CPM always occurred 

last to avoid carryover effects. Standardized recorded instruc-

tions were played for all participants.

Thermal testing procedures
All thermal stimuli were delivered using a computer-con-

trolled TSA-II NeuroSensory Analyzer (Medoc Ltd., Ramat 

Yishai, Israel) to measure heat pain thresholds and heat pain 

tolerances on the index knee as well as the ipsilateral ventral 

forearm using an ascending method of limits. At each body 

site, the thermode position was moved between trials to avoid 

sensitization and/or habituation of cutaneous receptors. From 

the baseline of 32°C, the thermode temperature increased at 

a rate of 0.5°C per second until the participants pressed a 

button to stop heat stimuli. Participants were asked to press 

the button when the sensation “first becomes painful” to 

assess the heat pain threshold and when they “no longer feel 

able to tolerate the pain” to assess their heat pain tolerance. 

Three trials of heat pain threshold were presented at the first 

test site, followed by three trials at the second test site, fol-

lowed by a 5-minute rest period. Then, three trials of heat 

pain tolerance were conducted at each site. The average of 

the three individual trials was computed to determine heat 

pain threshold and heat pain tolerance at each site.

Mechanical testing procedures
We assessed two types of mechanical pain responses. First, 

we measured PPTs by applying blunt mechanical pressure 

to deep tissues (ie, muscle and joint) via a handheld digital 

pressure algometer (Wagner, Greenwich, CT, USA). Increas-

ing pressure was applied at a constant rate of 0.3 kgf/cm2/s to 

measure the PPT at four sites: the medial and lateral aspect 

of the index knee, ipsilateral quadriceps, and trapezius. Par-

ticipants were instructed to notify the experimenter when 

the sensation “first becomes painful” to assess the PPT. The 

results of the three trials at each body site were averaged 

for each site.

Following the assessment of the PPT, participants 

underwent a procedure to assess their cutaneous mechanical 

sensitivity to punctate stimuli on both the index patella and 

the back of the ipsilateral hand. We used calibrated nylon 

monofilament that delivered a target force of 300 g to obtain 

verbal ratings of the pain intensity on a scale of 0 (no pain 

sensation) to 100 (the most intense pain sensation imagin-

able) following 10 contacts at the rate of 1 contact per second. 

Pain ratings for the two trials were averaged to generate the 

punctate pain sensitivity at each site

CPM
Ten minutes following the assessment of thermal or mechani-

cal pain, CPM was assessed as a measure of pain inhibition. 

CPM was assessed by determining the change in PPT on the 

trapezius immediately after the immersion of the contralateral 

hand up to the wrist in the cold water bath at the temperature 

of 12°C for 1 minute. Thirty seconds after hand immersion, 

participants were asked to rate the cold pain intensity (0–100) 

from the immersed hand and were instructed to keep their 

hand in the water bath for as long as tolerable up to 1 minute. 

We selected this temperature based on our previous experi-

ence in middle-aged and older adults with knee OA.33 We 

found that the 12°C cold pressor produced moderate pain 

but was tolerable for the majority of participants. The water 

was maintained at a constant temperature by a refrigeration 

unit (Neslab, Portsmouth, NH, USA), and the water was 

constantly circulated to prevent local warming around the 

submerged hand. Pain inhibition was reflected by an increase 

in PPT after cold water immersion.

Statistical analyses
Descriptive statistics (ie, frequency, central tendency) were 

performed to evaluate sample characteristics. Demographic 

variables (eg, sex, race) were screened as potential confound-

ers of the relationship between treatment condition and 

experimental pain measures following recommendations 

in the literature.34 As none of the screened variables were 

related to the independent variable (and thus not confounding 

variables), none met the criteria for inclusion as a covariate 

in subsequent models.

Primary analyses used general linear models to examine 

each experimental pain outcome as a function of treatment 
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group while covarying for measurement at baseline to 

assess the effect of treatment over time (residual change). 

Bayesian statistical inference was used to directly quantify 

the probability of the alternative hypothesis that an effect 

of treatment exists, given the data. Bayesian parameter 

estimates are taken from the posterior distribution that 

captures the uncertainty surrounding the magnitude of an 

effect.35 The posterior distribution describes the probability 

that a given effect exists. For these primary analyses, the 

visual inspection of histograms indicated that the experi-

mental pain measures were normally distributed. Model 

fit indices obtained from intercept-only models confirmed 

the appropriateness of fitting these outcomes using the 

Gaussian distributions. Analyses were performed using 

Proc GENMOD in SAS version 9.3 (SAS Institute Inc., 

Cary, NC, USA).

Bayesian inference has demonstrated the utility for 

decision-making in the context of continuing investiga-

tion into treatment effects found in pilot trials.36 Vague, 

neutral priors (~Normal [µ = 0, σ2 = 1 × 106]) were used 

to maximize the influence of the present data on posterior 

probabilities. The focus of the present Bayesian analysis 

is to provide the probability that the alternative hypothesis 

is true. Disparate researchers might identify different pos-

terior probabilities that constitute a meaningful likelihood 

of an effect existing. Such probabilities should be based 

on the specific research context and investigator domain 

knowledge, rather than using a monolithic cutoff value as 

in frequentist inference. In the present study, a posterior 

probability ≥75% that an effect of treatment exists was 

considered to merit further consideration. This value 

was chosen for its consistency with previous probability 

thresholds chosen a priori in the similar context of existing 

medication trials.37–40 In our scientific and clinical opinion, 

the current research would be worth pursuing if there was 

a 3/4 chance that our alternative hypothesis was correct. 

Higher or lower probabilities might serve as better cutoffs 

depending on the potential risks or benefits associated with 

a given intervention. For instance, we might argue that a 

posterior probability of 66% is warranted if the interven-

tion provides some benefit for an otherwise fatal disorder 

for which no effective treatment exists. Each individual 

presented with the present alternative hypothesis must 

ascertain whether a 75% chance of benefit as defined here 

warrants further investigation.

While a comprehensive account of Bayesian vs frequen-

tist inference is beyond the scope of the present article, addi-

tional details regarding the difference between the Bayesian 

posterior probability and the frequentist P-value merit further 

discussion. A null hypothesis test at the frequentist P ≤ 0.05 

level evaluates the probability of observing the current data, 

or data more extreme, given that the null hypothesis is true. 

The Bayesian posterior probability is the probability that the 

alternative hypothesis is true, given the data. These describe 

qualitatively different issues: the first attempts to reject the 

null hypothesis, while the latter estimates the probability 

of the alternative hypothesis. This is important because it 

reveals that the P-value is not the complement of the posterior 

probability; that is, posterior probability is not equivalent to 

1 – P-value (75% posterior probability ≠ 0.25 P-value).41

The present analytic scheme purposely deviates from the 

predominant null hypothesis significance testing (NHST) 

approach to research. As currently practiced, the NHST 

approach is problematic: estimates are often overstated, in 

the wrong direction, and complicated by exaggeration from 

so-called p-hacking.42 The present research adopts an alterna-

tive, incrementalist perspective. The results from all models 

are presented along with an explicitly stated, yet subjective, 

threshold of notable probability that the alternative hypothesis 

exists. The goal is to provide all the results with minimal bias 

to incrementally increase knowledge, while also allowing 

researchers to consider their own subjective threshold of 

notable probability that the alternative hypothesis exists (as 

well as the extent to which their subjective threshold agrees 

with that presently stated).

Additional exploratory analyses utilized Bayesian gener-

alized linear mixed models (GLMMs) to model each of two 

clinical pain measures (NRS and WOMAC) as a function 

of each experimental pain measure, controlling for time. 

GLMM is a statistical technique that allows the investiga-

tion of non-normal outcomes and the explicit modeling of 

random effects to account for correlation between repeated 

observations.35 Clinical and experimental pain data were 

recast into longitudinal format, and all analyses included 

a random intercept for participant. For these secondary 

analyses, visual inspection of histograms suggested that the 

clinical pain measures were non-Gaussian. Posterior predic-

tive checking indicated that the lognormal distribution (with 

identity link) was appropriate for both clinical pain measures 

(NRS and WOMAC). A small constant c = 1.0 was added to 

each NRS value to countenance zero values. Similar to the 

primary analyses, a posterior probability ≥75% of an effect 

of experimental pain existing in predicting clinical pain was 

considered sufficient evidence that a relationship exists. 

Bayesian GLMMs were fit using the brms package in the R 

statistical computing environment.43
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Results
Sample characteristics
Forty participants were randomly assigned to receive either 

treatment (n = 20) or sham (n = 20). Participant charac-

teristics were not significantly different between groups 

(Table 1). Mean and SD of all pain outcomes are included 

in Table 2.

Bayesian general linear modeling – 
experimental pain as a function of 
treatment
Interpretation of results using Bayesian inference requires 

an understanding of how to interpret the posterior distribu-

tion. Figure 1 provides graphical depictions of the posterior 

distributions for the effect of treatment on one of the outcome 

measures in the present study: heat pain threshold (arm). The 

Table 1 Baseline demographic characteristics of the participants

Sham 
(n = 20)

Treatment 
(n = 20)

Group 
differences, 
c2 (P-value)

Sex, N 0.10 (0.75)
Male 9 10
Female 11 10

Race, N 0.00 (1.00)
Asian 10 10
white 10 10

education, N 1.73 (0.79)
<High school 0 0
High school 3 3
2 years college 5 2
College 5 7
Master’s 3 3
Doctoral 4 5

employment, N 3.13 (0.68)
working 11 10
Laid off 0 1
Unemployed 0 0
Retired 5 0
Disabled 0 0
Student 0 1
Keeping house 1 1

Marital status, N 1.33 (0.86)
Married 15 15
widowed 1 1
Divorced 1 0
Separated 0 2
Never married 2 0
Living with partner 1 2

M (SD) M (SD) F(1) (P-value)
Age (years) 59.3 (8.6) 60.6 (9.8) 0.18 (0.67)
BMi (kg/m2) 26.0 (4.1) 27.0 (3.3) 0.85 (0.36)

Abbreviations: BMi, body mass index; M, mean; N, number.

figure demonstrates several key concepts for interpreting the 

posterior distribution. First, the probability that an effect 

exists is depicted using an arrow pointing in the direction of 

benefit. The posterior distribution is a probability distribution 

integrating to one, and the area under the curve above 0 is 

an estimate of the probability that the effect exceeds 0: for 

heat pain threshold (arm), 94% of the posterior distribution 

is greater than 0, indicating a 0.94 probability that a posi-

tive effect exists (and a corresponding 0.06 probability that 

a negative effect exists). The 95% credible interval (CrI) is 

captured with a bracket along the x-axis, and a line is drawn 

at the median of the posterior distribution. The median of the 

posterior provides a point estimate of the effect of treatment 

that may be interpreted in the same fashion as a regression 

coefficient: in Figure 1, a median effect of 1.29 indicates that 

active tDCS treatment produces a heat pain threshold that is 

1.29°C higher than sham tDCS treatment. Table 3 provides 

a summary of the Bayesian results for each of the dependent 

measures, including the median and CrI of the posterior 

distribution as well as the posterior probability that an effect 

of treatment exists.

The point estimates and CrIs described in Table 3 pro-

vide a unique opportunity to address the possibility that the 

effect of active tDCS was greater in the region of chronic 

pain (the knee) relative to other regions. The point estimates 

and CrIs describe the effect of active tDCS on each given 

test. For example, active tDCS increased heat pain threshold 

by 1.29°C (95% CrI = [–0.36, 2.94]) in the arm and 1.49°C 

(95% CrI = [0.23, 2.75]) in the knee. The extent to which 

these CrIs overlap provides a qualitative assessment of the 

degree to which the effect of active tDCS is similar or dis-

similar across regions. Such comparisons must take place 

on the same metric; that is, we can make these qualitative 

assessments for regions within each of four tests: heat pain 

threshold, heat pain tolerance, punctuate pain, and pressure 

pain tolerance. Examination of Table 3 suggests that the  

effect of active tDCS is not different in the region of chronic 

pain relative to comparable regions within each test.

Nine experimental pain measures demonstrated posterior 

probabilities greater than 0.75, favoring the active condition: 

heat threshold for the arm (0.94) and knee (0.99), heat toler-

ance for the arm (0.91) and knee (0.89), punctate pain on 

the hand (0.91) and patella (0.87), PPT for the medial knee 

(0.79) and quadriceps (0.89), and CPM (0.88). Controlling 

for baseline measures, heat pain threshold, heat pain toler-

ance, PPT, and CPM increased and punctate pain ratings 

decreased in those receiving treatment relative to sham. 

Three outcome measures did not exceed the 0.75 posterior 
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probability threshold: PPT for the lateral knee (0.74) and 

trapezius (0.55) as well as cold pain (0.69).

Bayesian generalized linear mixed 
modeling – clinical pain as a function of 
experimental pain
Bayesian GLMM was used to examine the relationship between 

clinical and experimental pain measures. Detailed results of 

changes in clinical pain and function measures were published 

and described previously.21 We found a significant difference 

in only the NRS scores between groups (F [1,146] = 4.60, P = 

0.03), after adjusting for the baseline scores and other covariates.

Evidence emerged to support a relationship (posterior 

probability ≥75%) between at least one of the two clinical 

measures and all the experimental pain measures except the 

PPT quadriceps measure and cold pain. These findings sug-

gest that beneficial changes in experimental pain measures 

were associated with reductions in clinical pain. Table 4 

summarizes posterior distribution point estimates and poste-

rior probabilities for each of the 22 models exploring these 

relationships. We have also added a table of Spearman’s 

Rho correlation coefficients between difference scores of 

Table 2 Mean and SD for primary outcomes

Measures Sham group (n = 20) Active group (n = 20)

Baseline Post-tDCS Baseline Post-tDCS

HPTh, arm, °C 39.97 (5.01) 40.57 (4.04) 40.89 (4.53) 42.39 (3.64)
HPTh, knee, °C 40.51 (4.69) 40.18 (4.34) 41.84 (4.38) 42.62 (3.20)
HPTo, arm, °C 45.24 (3.18) 45.54 (3.22) 45.46 (3.64) 46.38 (3.24)
HPTo, knee, °C 45.04 (3.59) 45.42 (3.50) 46.47 (3.01) 47.07 (2.26)
Punctate pain, hand 34.53 (26.20) 43.80 (32.43) 29.80 (26.18) 31.58 (24.15)
Punctate pain, patella 46.60 (25.99) 50.73 (33.61) 45.85 (31.94) 42.23 (26.87)
PPT, lateral knee, kgf 2.87 (1.29) 3.22 (1.17) 2.83 (1.33) 3.36 (1.19)
PPT, medial knee, kgf 2.63 (1.30) 2.98 (1.10) 2.61 (1.13) 3.21 (1.08)
PPT, quadriceps, kgf 2.95 (1.21) 3.16 (1.15) 3.25 (1.30) 3.69 (1.28)
PPT, trapezius, kgf 2.32 (1.01) 2.81 (0.91) 3.21 (1.50) 3.43 (1.38)
CPM 0.73 (0.48) 0.70 (0.71) 0.84 (0.69) 0.94 (0.52)
Cold pain 62.75 (27.36) 62.05 (30.46) 69.25 (24.56) 65.40 (24.37)

Notes: The scores of punctate pain ranged from 0 to 100, with higher scores indicating more intense pain. we assessed CPM by determining the change in PPT on the 
trapezius following immersion of the contralateral hand up to the wrist in the cold water bath at the temperature of 12°C for 1 minute, with higher CPM scores indicating 
better pain inhibition.
Abbreviations: CPM, conditioned pain modulation; HPTh, heat pain threshold, HPTo, heat pain tolerance, PPT, pressure pain tolerance; tDCS, transcranial direct current 
stimulation.

Table 3 Bayesian general linear modeling results

Measures Posterior distribution, 
median [95% CrI]

Posterior 
probability

HPTh, arm, °C 1.29 [–0.36, 2.94] 0.94
HPTh, knee, °C 1.49 [0.23, 2.75] 0.99
HPTo, arm, °C 0.66 [–0.32, 1.63] 0.91
HPTo, knee, °C 0.51 [–0.31, 1.34] 0.89
Punctuate pain, hand –8.66 [–21.43, 4.19] 0.91
Punctuate pain, patella –8.01 [–22.47, 6.50] 0.87
PPT, lateral knee, kgf 0.16 [–0.35, 0.67] 0.74
PPT, medial knee, kgf 0.24 [–0.34, 0.81] 0.79
PPT, quadriceps, kgf 0.32 [–0.20, 0.84] 0.89
PPT, trapezius, kgf 0.03 [–0.48, 0.55] 0.55
CPM 0.22 [–0.15, 0.59] 0.88
Cold pain –2.31 [–12.00, 7.38] 0.69

Notes: The scores of punctate pain ranged from 0 to 100, with higher scores 
indicating more intense pain. we assessed CPM by determining the change in PPT 
on the trapezius following immersion of the contralateral hand up to the wrist in the 
cold water bath at the temperature of 12°C for 1 minute, with higher CPM scores 
indicating better pain inhibition.
Abbreviations: CPM, conditioned pain modulation; Cri, credible interval; HPTh, 
heat pain threshold; HPTo, heat pain tolerance; PPT, pressure pain tolerance.

Figure 1 interpretation of posterior distribution of the effect of tDCS group on 
heat pain threshold.
Abbreviations: Cri, credible interval; tDCS, transcranial direct current stimulation.
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the measures in the active tDCS group in a supplementary 

document (Table S1).

Discussion
In this study, we demonstrated that tDCS with the anode over 

M1 and the cathode over the contralateral SO reduces experi-

mental pain sensitivity and increases pain inhibition in older 

adults with knee OA. We observed greater increases in heat 

pain thresholds and tolerances, PPTs, and CPM, and reduc-

tions in punctate pain in the active tDCS group compared to 

that in the sham tDCS group. Most of the experimental pain 

measures demonstrated posterior probabilities greater than 

0.75 in the Bayesian general linear modeling, suggesting that 

M1-SO tDCS merits further consideration as a promising 

therapeutic for OA pain. The posterior distribution obtained 

via Bayesian inference characterizes the entire distribution 

of the parameters of concern, conditional on the given data 

and statistical model. Thus, the interpretation of the Bayesian 

inference results does not have to center at the qualification 

of extremeness under the null hypothesis in the same manner 

as a P-value. In this study, we chose the probability of the 

alternative hypothesis as a measure of the effect’s existence. 

Since a cutoff of zero effect instead of the mean or median 

effect is used to calculate such a value (Figure 1), it will be 

greater than 50% and may unsurprisingly look strong.

The findings of our study are similar to those of previous 

studies in which tDCS was efficacious in reducing experi-

mental pain intensity. For example, Chang et al44 reported 

that M1-SO tDCS plus exercise in older adults with knee 

OA yielded significantly greater improvement in PPTs than 

sham stimulation plus exercise. In addition, Moloney and 

Witney45 showed that cathodal tDCS of M1 before repetitive 

transcranial magnetic stimulation in healthy male participants 

increased PPTs. Moreover, Bachmann et al46 demonstrated 

that cathodal tDCS of M1 in healthy adults increased cold 

detection thresholds, mechanical detection thresholds, and 

mechanical pain thresholds. Some studies found that tDCS 

did not improve experimental pain sensitivity measures.47 

While Moloney and Witney45 and Bachman et al46 delivered 

1 mA tDCS with the cathode over M1 and the anode over the 

contralateral SO, we delivered 2 mA tDCS with the anode 

over M1 and the cathode over SO. Prior research demon-

strated that 1 mA tDCS results in increased excitability under 

the anode and decreased excitability under the cathode elec-

trode.1 In contrast, other prior research demonstrated that 2 

mA tDCS results in a net increase in excitability under both 

the anode and cathode electrodes.2 Thus, the mechanisms 

underlying the efficacy of tDCS for altering pain thresholds 

and inhibition between these studies may differ. However, a 

common element across these studies may lie in the increased 

excitability of brain tissue underlying the SO electrode. In 

contrast to many theories arguing that the effects of tDCS on 

pain result from the stimulation of the motor and somatosen-

sory cortices, these data appear to support an important role 

for increasing excitability in the frontal and other intervening 

cortices stimulated under and around the SO electrode.48 As 

both anode and cathode electrodes are active contributors to 

current flow in the brain, the impact of the entire montage 

must be carefully considered. As such, it is important to note 

that the efficacy of tDCS depends on a number of factors, 

including the target brain area, the duration and number of 

stimulation sessions, the electrical current intensity, the polar-

ity of the electrode, and the target population.17 Collectively, 

the findings from these studies indicate the effect of tDCS 

Table 4 Bayesian generalized linear mixed model results for 
clinical pain predicted by experimental pain

NRS Posterior distribution, 
median [95% CrI]

Posterior 
probability

HPTh, arm, °C –0.06 [–0.11,–0.01] 0.99
HPTh, knee, °C –0.06 [–0.12,–0.01] 0.99
HPTo, arm, °C –0.07 [–0.14, 0.00] 0.99
HPTo, knee, °C –0.06 [–0.13, 0.02] 0.97
Punctuate pain, hand 0.01 [0.00, 0.02] 0.94
Punctuate pain, patella 0.01 [0.01, 0.02] 0.99
PPT, lateral knee, kgf –0.13 [–0.31, 0.06] 1.00
PPT, medial knee, kgf –0.06 [–0.26, 0.15] 0.91
PPT, quadriceps, kgf –0.03 [–0.21, 0.16] 0.71
PPT, trapezius, kgf 0.02 [–0.16, 0.21] 0.62
CPM –0.44 [–0.78,–0.10] 0.60
Cold pain 0.00 [–0.01,0.01] 0.66
wOMAC Posterior distribution, 

median [95% Cri]
Posterior 
probability

HPTh, arm, °C 0.02 [–0.02, 0.05] 0.60
HPTh, knee, °C 0.01 [–0.03, 0.05] 0.83
HPTo, arm, °C 0.03 [–0.03, 0.08] 0.69
HPTo, knee, °C 0.02 [–0.03, 0.08] 0.84
Punctuate pain, hand 0.00 [–0.00, 0.01] 0.81
Punctuate pain, patella 0.00 [–0.00, 0.01] 0.82
PPT, lateral knee, kgf –0.02 [–0.14, 0.11] 0.88
PPT, medial knee, kgf –0.01 [–0.12, 0.11] 0.60
PPT, quadriceps, kgf 0.08 [–0.04, 0.20] 0.55
PPT, trapezius, kgf 0.07 [–0.06, 0.19] 0.90
CPM –0.02 [–0.21, 0.17] 0.86
Cold pain –0.00 [–0.01, 0.01] 0.62

Notes: The scores of punctate pain ranged from 0 to 100, with higher scores 
indicating more intense pain. we assessed CPM by determining the change in PPT 
on the trapezius following immersion of the contralateral hand up to the wrist in the 
cold water bath at the temperature of 12°C for 1 minute, with higher CPM scores 
indicating better pain inhibition.
Abbreviations: Cri, credible interval; CPM, conditioned pain modulation; HPTh, 
heat pain threshold; HPTo, heat pain tolerance; NRS, Numeric Rating Scale; PPT, 
pressure pain tolerance; wOMAC, western Ontario and McMaster Universities 
Osteoarthritis index.
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on experimental pain measures, and our study extends these 

findings to older adults with knee OA.

While the exact mechanisms underlying the analgesic 

effects of M1-SO tDCS are not fully understood, our findings 

support the idea that M1-SO stimulation produces analgesic 

effects by modulating pain processing pathways.25,26 Moreover, 

our results extend the previous literature by providing prelimi-

nary evidence suggesting that analgesic effects of tDCS are 

systemic rather than localized, since the magnitude of effect 

was similar for the knee and non-knee test sites. Prior research 

has suggested that tDCS interacts with a variety of neurotrans-

mitters implicated in pain processing, such as g-aminobutyric 

acid, dopamine, serotonin, and acetylcholine.49–53 Previous 

studies have also demonstrated that tDCS can alter functional 

connectivity within brain networks, such as those that are 

important for cognitive, motor, and pain processing.54 Peyron 

et al55 reported that noxious heat stimuli activate multiple brain 

areas associated with pain modulation, including the thalamus, 

contralateral anterior cingulate cortex, and M1, and tDCS of 

M1 may alter intracortical motor circuitry and influence tha-

lamic activity.45,56 Taken together, these data suggest that the 

effects of tDCS are not limited to the area immediately under 

the electrodes, providing evidence of activity alterations in 

distant interconnected cortical and subcortical areas.57,58

In addition, Garcia-Larrea and Peyron59 reported that 

motor cortex stimulation might facilitate descending pain 

inhibitory mechanisms. DosSantos et al60 found evidence 

suggesting that the effects of tDCS on pain may be related 

to µ-opioid receptor non-displaceable binding potential in 

subcortical regions implicated in pain processing. Yet, others 

have suggested that the effects of tDCS on pain are related to 

the reversal of maladaptive plasticity in pain syndromes.61,62 

In contrast to theories predominantly focused on the effects 

of stimulation under the anode electrode placed over the 

motor and somatosensory cortices, other work suggests that 

the effects in the frontal cortices under the cathode electrode 

placed over SO may play an active role in altering the emo-

tional experience of pain and contribute to analgesic effects 

of tDCS.48 Therefore, the effects of tDCS on pain-related 

neurotransmitters and functional brain systems support the 

use of tDCS as a promising tool for neuromodulation of pain. 

Furthermore, the higher CPM in the active tDCS group in this 

study suggests that M1-SO tDCS may boost pain inhibitory 

function in people with knee OA.

Our study also makes an important contribution to the 

feasibility of treating chronic pain using tDCS in older adults. 

Prior research demonstrated that the intensity and spread of 

tDCS current is affected by cerebrospinal fluid (CSF) space, 

atrophy, skull thickness, and other neuroanatomical features 

that change across the lifespan.3–5 These data suggest that while 

younger brains (eg, 11 years of age) receive higher intensity 

stimulation to the cortical and subcortical regions than adults, 

older adults (eg, 50+ years) receive less current. In addition, 

the pathway of current flow can be altered by different neuro-

anatomical features (eg, CSF pockets affiliated with significant 

atrophy in later life).5 Thus, prior to this study, it remained 

possible that tDCS in older adults would not achieve effective 

alteration in pain thresholds and pain inhibition. However, our 

data demonstrate that tDCS is both feasible and effective for 

impacting pain thresholds and pain inhibition in older adults.

The present study also provides an introduction to Bayes-

ian inference to a diverse readership. The strength of this 

approach is in its interpretation: the posterior probability 

that the alternative hypothesis exists is often the true value/

quantity that researchers are trying to address when they use 

P-values from frequentist inference. Researchers in this field 

in particular may benefit from the dissemination of Bayes-

ian methods because such methods may be better equipped 

to investigate questions with small sample sizes, as in the 

present study.63,64 Further, the Bayesian paradigm promotes 

incremental knowledge gain by updating prior distributions 

with new data – for example, the results of the present study 

may provide informative priors for future research.

Our findings should be interpreted in light of the study’s 

limitations. We included a small sample of middle-aged to 

young older adults with knee OA, which limits the generaliz-

ability of the study findings. The findings in this small sample 

of relatively young older adults may not translate to older 

adults with multiple chronic conditions. Future studies would 

benefit from extending this work to include larger samples of 

older adults. Moreover, the magnitude of the observed effects 

was relatively small, perhaps owing to the brief duration of 

our tDCS intervention. Additional research with greater doses 

of tDCS is needed to evaluate this possibility.

Conclusion
The results of this study suggest that M1-SO tDCS with 

a constant direct current of 2 mA intensity for 20 minutes 

once a day for 5 consecutive days can reduce experimental 

pain sensitivity and facilitate pain inhibition. Our study also 

contributes important knowledge regarding feasibility and 

efficacy of tDCS in older adults with chronic pain and adds 

to a growing body of literature supporting the importance of 

stimulation delivered through the SO electrode. These data col-

lectively serve as a strong foundation for future clinical trials 

assessing population-based efficacy of tDCS as a treatment for 
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chronic knee OA pain in older adults. Future studies with larger 

samples and sophisticated neuroimaging techniques are needed 

to extend these findings and better understand the underly-

ing mechanisms of tDCS. Additional stimulation sessions or 

stimulation durations are needed to refine this novel approach 

for pain treatment and determine the optimal dose of tDCS.
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