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Abstract

Background: There is tentative evidence to support the analgesic effect of transcranial direct 

current stimulation (tDCS) in fibromyalgia (FM), with large variability in the effect size 

encountered in different clinical trials. Understanding the source of the variability and exploring 

how it relates to the clinical results could characterize effective neuromodulation protocols and 

ultimately guide care in FM pain. The primary objective of this study was to determine the effect 
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of tDCS in FM pain as compared to sham tDCS. The secondary objective was to explore the 

relationship of methodology, population, and intervention factors and the analgesic effect of tDCS 

in FM.

Materials and Methods: For the primary objective, a systematic review was conducted 

according to PRISMA guidelines. Randomized clinical trials (RCTs) investigating tDCS as an 

intervention for FM pain were searched at Medline, EMBASE, and the Web Of Science. Studies 

were excluded if they used cross-over designs, or if they did not use tDCS as an intervention 

for pain or did not measure clinical pain. Analysis for the main outcome was performed using 

a random-effects model. Risk of bias and Evidence certainty were assessed for all studies using 

Cochrane Risk of Bias and GRADE tools. For the secondary objective, a meta-regression was 

conducted to explore methodology, population, and intervention factors potentially related to the 

effect size.

Results: Sixteen RCTs were included. Six studies presented a high risk of bias. Significant 

reduction in pain scores were found for FM (SMD=1.22; 95% CI: 0.80 to 1.65, p-value<0.001). 

Subgroup analysis considering tDCS as a neural target revealed no differences between common 

neural sites. Meta-regression revealed that the duration of the tDCS protocol in weeks was the 

only factor associated with the effect size (ES), where protocols that lasted four weeks or longer 

reported larger ES than shorter protocols.

Conclusion: Results suggest an analgesic effect of tDCS for FM. tDCS protocols that last four 

weeks or more may be associated with larger effect sizes. Definite conclusions are inadequate 

given the large heterogeneity and limited quality of evidence of the included studies.
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INTRODUCTION

Five million people suffer from fibromyalgia (FM)1 in the United States. Annual treatment 

costs exceeds 29 billion dollars, with a large amount spent treating secondary symptoms2. 

Widespread chronic pain is the main symptom and chief complaint from FM while fatigue, 

impaired cognition, disrupted sleep and other somatic complaints are also common3,4. 

The pathophysiology of pain in FM is complex and known to be associated with central 

sensitization, a hyperalgesia or excessive response to painful stimulation secondary to 

altered nociception at the central nervous system (CNS)5. In FM and other musculoskeletal 

conditions, chronic pain results from an imbalance between excitatory and inhibitory pain 

pathways. Recent evidence suggests that pain inhibitory pathways are affected in FM. 

For example, patients with FM demonstrate lower conditioned pain modulation (CPM), a 

standardized assessment that can test pain inhibitory efficacy. Indeed, the rate of patients 

with FM reporting pain facilitation during CPM has been found to be significantly increased 

compared with that of the controls (41.7% vs 21.2%)6. Based on the current literature, 

there is evidence to support that for some patients with FM, the endogenous pain regulatory 

system is impaired7–9. There is also evidence of central nervous system changes in FM that 

are associated with a deficit in the inhibitory control, namely abnormal cortical excitability 
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as expressed by decreased short intracortical inhibition and facilitation and increased resting 

motor threshold10 assessed by Transcranial Magnetic Stimulation. This is thought to reflect 

an inhibitory deficit that is associated with altered thalamic anatomy and activity11, which 

may result in abnormal thalamocortical circuits, as evidenced by the association between 

central pain and thalamic dysrhythmia12–14. Therefore, efforts are being undertaken to 

develop novel interventions that target these inhibitory deficits underlying pain maintenance 

mechanisms in patients with FM, as well as for other chronic pain conditions associated with 

a deficit in the regulatory pain system.

Targeted non-pharmacological therapies that modulate cortical excitability and modify 

activity of the CNS that modulate the descending pain inhibitory system are new research 

directions that could affect analgesia. Non-invasive brain stimulation (NIBS) techniques, 

such transcranial direct current stimulation (tDCS), are safe, cost-effective, and powerful 

neuromodulatory tools, which have provided pain relief in several chronic pain conditions 

such as FM15, knee osteoarthritis16,17, acute post-stroke pain18 and chronic pain after 

spinal cord injury19, among others, with absent or minimal side effects20,21. Currently, 

there is tentative evidence to support the analgesic effect of tDCS as compared to sham in 

FM, with large variability in the effect size (ES) encountered in different clinical trials22. 

In fact, this variability has raised questions about the validity of tDCS as an effective 

treatment option for pain in FM. Understanding the source of the variability and explore 

how it relates to the clinical results may characterize effective neuromodulation protocols 

and ultimately guide care in FM pain. For example, some clinical trials have compared 

different protocols of tDCS in an attempt to identify the protocol that produces better 

responses with a smaller number of sessions, consequently, minimizing the occurrence 

of adverse effects and reducing the total time and cost of the therapeutic intervention23. 

Other trials have investigated different tDCS montage, or electrode positioning, protocols 

in an attempt to determine the best short-term analgesic effect24. This supports that such 

factors may be potential sources of variability in effect. In addition to the intervention, 

different factors related to the study population, such as gender, and the presence of higher 

levels of psychosocial comorbidities including anxiety and depression, can predict outcomes 

following other interventions for FM pain25. Lastly, study methodology characteristics, 

such as inadequately powered studies, may also contribute to this observed variability in 

effect; and it is unknown to what degree each of these factors is contributing to it. To 

the best of our knowledge, no research studies, including systematic reviews, have directly 

explored specific factors that may be related to the analgesic effect of tDCS in FM, possibly 

contributing to this response variability. Identifying factors associated with tDCS clinical 

outcomes in FM may improve the development of current intervention protocols and help 

advance the design of future clinical trials for other chronic musculoskeletal pain conditions 

that share similar pain processing mechanisms. Although there are previous systematic 

reviews that have investigated the effect of tDCS on FM pain and could have explored 

these questions, recent clinical trials22,23,26 with conflicting results have not been included 

in these. In addition, recent reviews did not consider the ES calculated separately from 

different active tDCS intervention groups used in multi-arm intervention trials. Both of these 

aspects may relevantly affect a meta-analysis result.
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To that end, the current study had the primary objective of determining the effect of tDCS 

in FM pain as compared to sham tDCS using a systematic review with meta-analysis. We 

hypothesize that tDCS will show a significant analgesic effect on FM pain as compared 

to sham tDCS. The secondary objective was to explore the relationship methodology, 

population, and intervention factors and the analgesic effect of tDCS in FM using meta-

regression analysis. We hypothesize that factors such as the presence of higher levels of 

depression and anxiety, and the number of tDCS sessions will be significantly associated 

with the analgesic effect of tDCS in FM.

MATERIALS AND METHODS

To determine the analgesic effect of tDCS in FM, a systematic review and meta-analysis 

of randomized clinical trials (RCTs) was performed. To explore the relationship between 

the methodology, population, and intervention-related characteristics used in the clinical 

trials, and the analgesic effect of tDCS in FM, a meta-regression analysis was used to 

analyze potential sources of ES heterogeneity originating from these factors. This systematic 

review was conducted according to the preferred reporting items for systematic reviews and 

meta-analyses (PRISMA) guidelines27.

Search Strategy

Medline, EMBASE, and the Web Of Science databases were searched for potential articles. 

A broad search strategy was used to guarantee the detection of all potential articles 

(Appendix 1). Search terms included multiple variants of the terms Transcranial direct 

current stimulation, pain, and FM, in addition to its Medical Subject Headings (MeSH). 

The final search strategy was reviewed by a librarian specialized in systematic reviews and 

the search was performed by one author (PT), in all databases at the same day. The search 

inception date to all databases was February 3rd, 2022, and was performed with no language 

restriction. Additionally, a snowball searching method was used on any systematic reviews 

or randomized trials on the topic as well as verification with senior authors who were (WC, 

FF) experts in the field to check if any know articles were missed.

Selection criteria

Research articles investigating the effects of tDCS on FM were included if they met the 

following criteria: (1) utilized tDCS alone or combined with any other therapy as a treatment 

tool for FM pain, including exercise, cognitive-behavioral or other neurostimulation 

interventions (2) measured clinical pain as a primary or secondary outcome via visual analog 

or numeric scale or another clinical self-reported pain tool that measured pain perception; 

(3) were RCTs (not including cross-over designs). Journal articles were excluded if: (1) did 

not use sham tDCS as a comparison group; (2) did not measure clinical pain as an outcome 

measure; (3) animal studies; (4) oral or poster presentation abstracts.

Article Screening

The Covidence web-based systematic review software was used to organize and screen the 

search results. As a first level of screening, titles and abstracts were assessed to determine 

article eligibility. Then, full-text articles were reviewed for the inclusion and exclusion 
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criteria. Two independent assessors (PT, KP), trained in clinical trial methodology and 

evidence synthesis, screened, and selected the final articles. Any non-unanimous criteria 

judgment among the two assessors would require a full-text review by each assessor to 

confirm their decision. If after full-text review, disagreement still existed, the full-text was 

reviewed by a senior assessor (FF) for an ultimate decision.

Data Extraction

Three authors performed the data extraction and entered it into a systematized spreadsheet 

that contained all the pre-determinant variables. Data on the factors related to the study 

methodology, population and intervention were extracted to create the variables used in 

the analysis (Table 1). If any study reported more than one pain outcome measure, any 

pain measurement used as a primary outcome of the study was prioritized and used in 

the meta-analysis. If pain was a secondary outcome of the study, then any continuous, 

ordinal pain outcome type, such as the visual analog scale or the numerical rating scale was 

considered before any categorical rating scale. This hierarchy was based on the common 

use of the visual and numerical rating scales by trialists, and to facilitate comparison among 

studies. If pain data was collected but not completely reported, the authors reached out to the 

first author of each study have the complete data necessary for the meta-analysis.

As part of the data extraction, mean pain scores and respective variability estimates were 

collected from the included studies to be used in the meta-analysis. The web-based software 

WebPlotDigitizer (version 4.5) was used to extract data when articles did not include 

specific values in tables or in text. The primary outcome used was the mean difference 

in pain score between baseline and the primary time-point to which the study’s sample size 

was calculated for.

Risk of Bias Assessment

Two independent reviewers (PM, AM) trained in clinical trials methodology used the 

Revised Cochrane risk-of-bias tool for randomized trials (RoB 2)28–30 to assess and report 

the risk of bias of the included studies. The tool is organized into different domains of 

bias that are related to trial design, conduct and reporting. Bias due to deviations from 

the intended intervention was judged based on both the assignment and the adherence 

to intervention. Overall bias was categorized into low risk, some concerns and high 

risk. Assessors rated bias independently and crosschecked results with each other. Any 

conflicting results were discussed to reach an ultimate decision.

Evidence certainty

Evidence certainty and quality of the evidence were assessed by two independent 

assessors (PT, KP) using the ‘Grading of Recommendations Assessment, Development, and 

Evaluation’ (GRADE) methodology. A Summary of findings table was created.

Publication Bias

Publication bias was explored using visual analysis of the funnel plot asymmetry and tested 

for significance by the Egger’s test for bias and the Begg’s test for small study effect with 

continuity corrected p-value to confirm the presence publication bias. If bias was present, 
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adjustment was performed using the Duval and Tweedie31 nonparametric “trim and fill” 

method of accounting for publication bias in meta-analysis, to re-calculate the overall ES 

estimate.

Statistical Analysis

Main effect—Analysis of the analgesic effect of tDCS on pain in FM was reported as a 

pooled effect of all selected trials. A random-effects model was used with weights based 

on the DerSimonian and Laird method using standardized mean differences (SMD) as it 

was expected that the included studies used different pain scale measurements. Results are 

presented using SMD with their respective 95% confidence intervals. If a clinical trial had 

more than one active tDCS intervention protocol being investigated, ES was calculated for 

all separate intervention arms and normalized by the correlation value of 0.55 to account 

for the assumption of independent observations32. As the articles did not provide data on 

group correlations for the pain outcome at baseline, the value of 0.55 was used according to 

previous reference33. A sensitivity analysis using correlation values of 0.25, 0.50, and 0.75 

was also performed. Between-study statistical heterogeneity was examined using the I2 and 

Cochran’s Q test. Values of I2 greater than 50% were considered evidence for substantial 

heterogeneity. Lastly, descriptive statistics were used to summarize the methodological, 

population and intervention characteristics collected from the included studies.

Subgroup Analysis: As it was expected that studies would vary in time intervals for 

measuring the pain outcome score, a sensitivity analysis was planned a priori for short and 

moderate-term follow-up data. To that end, a short-term and moderate-term follow-up result 

was defined using a four-week timepoint cutoff. The 4-week cutoff was chosen based on the 

median of all the follow-up used in all studies. Thus, if a pain outcome score was reported 

less than four weeks post intervention, the ES calculated for this timepoint was used to 

characterize a short-term result; and scores reported after four weeks would be used as 

moderate term results.

Additional subgroup analysis was planned a priori considering the placement of the active 

electrode location for the tDCS intervention. In addition, an analysis excluding the studies 

which fell outside of the publication bias funnel plot was also performed, as well as an 

analysis considering the use of any combined intervention together with tDCS. Lastly, a 

subgroup analysis based on the results of risk of bias analysis comparing the classifications 

of “high-risk” of bias studies versus “low-risk” and “some concerns” was performed.

Meta-Regression—Data on the factors related to the study methodology, population 

and intervention were used to explore potential sources of ES heterogeneity and a meta-

regression analysis was used for both continuous and categorical variables. To best select the 

variables, meta-regression models were created following a model building process intended 

to lower the chances of type 1 error with multiple testing. First, univariate models were 

used to determine the potential most significant covariates, and to eliminate non-significant 

variables, diminishing the number of variables for the following stages of the analysis. For 

that, a relaxed regression coefficient significance р-value of p<0.2 was used. The chances 

of type 1 error with multiple independent testing was lowered by having less variables 
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to build the final models34. Secondly, the significant variables were included in an initial 

multivariate model. Then, using a backward elimination-based approach, the variable with 

the largest non-significant p-value was excluded from the model until a final model with 

only significant coefficients (p<0.05) variables was achieved.

Observations with values greater than three standard deviations above or below the mean 

scores were considered outliers and excluded as per the Empirical Rule34. For all meta-

regression models, the assumption of linearity was assessed by visual scatterplot analysis 

with a superimposed regression line. Homoscedasticity was checked by comparison of 

scatterplots of the standardized predicted values and standardized residuals36. Normality of 

the residuals was checked using the Shapiro-Wilk normality test37. Durbin Watson estimate, 

tolerance values, Cookś distance, variance inflation factor and Standardized DFBeta values 

were analyzed for regression diagnostics such as multicollinearity and influential cases. 

Due to the exploratory nature of the meta-regression analysis, the conservative approach 

to correct the significance level for multiple testing was not performed. All tests were 

two-tailed, using a p <0.05 threshold for significance, and were performed using Stata V17 

BE Statistical Software (StataCorp. 2021. College Station, TX: StataCorp LLC.)

RESULTS

The result of our search strategy revealed 418 potential articles, while one study was 

identified using the snowball strategy. After duplicates were removed, 314 articles were 

considered for the first level of screening. After all levels of screening and selection, 16 

articles were selected. Figure 1 shows the CONSORT diagram for the selection of the final 

articles.

Studies were performed between 2006 and 2022 in seven different countries, 10 in 

Brazil23,24,26,38–44, two in Belgium45,46, and individual studies in Egypt47, Norway48, 

United States15, and Spain49. A total of 813 subjects were included in the analysis. 

Three studies45,46,48 used the pain numerical rating scale, two studies24,39 used the 

visual numerical scale, one study40 used the Short-Form 36 Health Questionnaire (SF36) 

pain subscale, while all other studies used the pain visual analog scale (10 studies). 

Only one multi-arm intervention study used the cathodal as the active polarity24. The 

two milliampere(mA) current intensity was the most used. Other current intensities 

included 1.5mA45,46 and 1mA43. Three studies applied tDCS in combination with other 

intervention39,41,44. Active electrode location varied mostly between the primary motor 

cortex region (M1) (11 studies)15,23,24,39,40,42–44,47–49 or the dorsolateral prefrontal cortex 

(DLPFC) (eight studies15,26,38,41,42,45,46,49). Some studies used both M1 and DLPFC as 

different active tDCS groups in the same study. The reference electrode locations varied and 

are listed on Table 2. Table 2 summarizes the characteristics of the selected studies used in 

the analysis.

Risk of Bias Assessment

Our analysis detected varying levels of bias among the selected studies. The percentage 

agreement between the assessors were 95%. The percentage of studies in the classifications 

of high-risk, some concerns and low risk were respectively 37.5%, 37.5%, and 25%. The 
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domains more frequently characterized as “some concerns” and “high risk” of bias were the 

ones evaluating the randomization (D1), deviations from intended interventions (D2), and 

missing outcome data (D3). Many of the studies did not properly report the methodological 

domains of the risk of bias tool, being characterized as “no informed”. We provide the risk 

of bias assessment of the included RCTs in Appendix 2.

Evidence Certainty

The GRADEpro GDT software50 was used to rate the quality of the evidence according to 

the GRADE criteria for the pain intensity outcome at short and moderate term follow-ups. 

Single randomized studies (with under 300 participants) had quality downgraded twice as 

it was considered inconsistent and potentially imprecise (i.e., if wide 95%CI). Presence 

of unclear or high risk of bias was also downgraded once according to the criteria. A 

“Summary of findings” table (Table 3) was created to present the result and the criteria 

explanation is shown in the table.

Main Effect Analysis

The meta-analysis for the main effect of active tDCS versus sham tDCS for pain in FM 

showed a positive result favoring the active tDCS intervention with a pooled ES of d=1.22 

(95% CI: 0.80, 1.65, p-value<0.001, p-value < 0.001), which is considered to be large 

based on suggested standards51. This ES corresponds to a 41% change, which is above the 

threshold for the minimal clinically important difference for pain in FM (34.2%)52. Large 

heterogeneity was found among studies (I2=83.6%). Figure 2 shows the forest plot for the 

included studies.

The publication bias analysis revealed an asymmetric distribution on the funnel plot 

suggesting a publication bias in the analysis (Appendix 3). A significant Egger’s test for 

bias was found t = 2.70, p-value = 0.012. Begg’s test for small study effect was statistically 

significant (continuity corrected p-value = 0.022) which provides evidence of publication 

bias. After adjustment for publication bias, the overall ES estimate was 1.161 (95% C.I. 

0.51, 1.81) and still significant.

Subgroup Analysis

Short-Term versus Moderate Term Effects—As defined a priori, a sensitivity analysis 

according to short-term versus moderate term effects was performed. For the short-term 

effects of tDCS on pain, two studies40,43 did not collect pain outcomes before four weeks, 

and seven studies did not have moderate term data on pain15,23,24,38,41,45,46. The median 

timepoint for the short-term outcome results was three weeks, while for moderate term was 

10 weeks. The pooled ES estimates were respectively 0.81 [95% CI: 0.43, 1.19, p-value = 

0.000; I2=78.5%; Chi2 (23) = 107.21, p = 0.000; τ2 = 0.66], and 1.69 [95% CI: 0.84, 2.54, 

p-value = 0.000; I2=91.0%; Chi2 (9) = 100.3, p = 0.000; τ2 = 1.59]. The results suggest that 

moderate term effects of tDCS on pain seem to be larger than short-term effects. The forest 

plots are offered as a supplemental material.

Active Electrode Location—The sensitivity analysis for the main effect of tDCS versus 

sham tDCS for pain in FM considering the placement of the active electrode location 
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showed no difference when M1 location was compared directly to DLPFC location. The 

pooled ES estimates for studies which used M1 and DLPFC were respectively 1.25 [95% 

CI: 0.52, 1.98, p-value = 0.000; I2=88%; Chi2 (12) = 99.71, p = 0.000; τ2 = 1.51], and 1.43 

[95% CI: 0.73, 2.14, p-value = 0.000; I2=81.7%; Chi2 (7) = 38.17, p = 0.000; τ2 = 0.78] 

(Supplemental Material). The overlapping of the 95%CI shows that there is no advantage of 

using M1 or DLPFC as compared with each other.

Risk of Bias Subgroups—A total of 6 studies were classified with “high-risk” of bias 

(Appendix 2), while 10 studies were classified as others (“low risk” or “some concerns”). 

The effect sizes were respectively 1.53 [95% CI: 0.47, 2.59) and 1.07 [95% CI: 0.65, 1.49). 

The forest plot of this comparison analysis is provided as a supplemental material.

Presence of Combined Intervention—Three studies used a combined intervention 

with tDCS39,41,44 while the other 13 studies did not. The effect sizes were respectively 1.70 

[95% CI: 1.24, 2.16) and 1.16 [95% CI: 0.69, 1.63). Two studies39,44 used an exercise-based 

type of intervention, while one study41 used a cognitive-behavioral based therapy. As for 

the timing of the combination, two studies41,44 combined concurrently with the tDCS 

stimulation, while one study39 used immediately after tDCS stimulation. The forest plot 

of this comparison analysis is provided as a supplemental material.

Meta-Regression—No multivariate models were significant. As FM is a disease which 

occurs predominantly in women gender variability not sufficient to be properly investigated 

as an independent variable in the meta-regression. Only one meta-regression model showed 

significance in univariate analysis for the variable of the duration of the tDCS intervention 

protocol in weeks. The direction of the regression coefficient indicated that the longer the 

duration of the tDCS intervention protocol in weeks, the larger the effect size (R2 = 31.3%). 

Figure 3 shows model information and regression plot.

After visual analysis of the regression plot, we noticed that studies with protocols lasting 

approximately 4–5 weeks presented higher effect sizes as compared to less than 4–5 weeks. 

In attempt to facilitate the clinical application of this information we have explored this data 

by dichotomizing the duration of the protocol variables using different cut-offs (1, 2, 3, 4 

and 5 weeks) and tested for significance using meta-regression. The result was significant 

only for the 4-week cut-off with a regression coefficient β = 2.35 (standard error: 0.95, 

p=0.021, 95%C.I: 0.39, 4.30) and adjusted R2 = 22.1%. All other baseline variables were not 

significant, and results are shown on Appendix 4. Although the variables that represented the 

total number of tDCS sessions, and the tDCS session duration in minutes are shown to be 

significant, the p-values were above 0.05 after influential point adjustment.

DISCUSSION

Our meta-analysis included 16 RCTs with 26 different active tDCS protocol groups that 

were compared to sham tDCS. The field required a meta-analysis update as trials which 

have been published in the last five years, with varied ES, were not included in past 

reviews22,23,26. In addition, to the best of our knowledge, this is the first meta-analysis in 

the field that used the ES calculated separately for all active tDCS intervention groups used 
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in multi-arm intervention trials. It is imperative to consider all variations of tDCS protocols 

as the variability in ES may be explained by differences in protocols. This updated review 

also included the exploration of factors related to ES variability using meta-regression 

analysis and revealing that the duration of the intervention protocol in weeks seemed to be a 

significant factor to explain the variability in the effect of tDCS on pain for FM.

Our results for the main effect of tDCS on FM pain showed a significant analgesic effect 

(pooled ES of d=1.22 (95% CI: 0.80, 1.65). Although this ES is larger than previously 

reported, our finding agree with a previous systematic review on the topic22 that reported 

medium to large ES (SMD= −.66), thus supporting the analgesic effect. Chaturvedi et. 

al. performed a systematic review also in the same topic, however no meta-analysis was 

made, or ES was reported. A potential reason for the ES differences of our results as 

compared to previous reviews may be the fact that our review included recent clinical trials 

with conflicting results that were not included in preceding reviews and meta-analyses. In 

addition, our results were calculated considering the ES calculated separately from different 

active tDCS intervention groups used in multi-arm intervention trials, a methodology detail 

that has also not been used in previous reviews. Such factors may relevantly affect a 

meta-analysis result. In addition, we have explored specific factors that may be related to the 

analgesic effect of tDCS in FM using rigorous methodology.

To our knowledge, only one previous study53 attempted to explore intervention related 

factors such as number of sessions, weekly frequency, and protocol duration, or different 

tDCS montages (M1 versus DLPFC). Hou53 and colleagues investigated the effects 

of different non-invasive brain stimulation treatments, including tDCS and repetitive 

transcranial magnetic stimulation (rTMS) as add-on treatment approaches to FM. Although 

the study included only five tDCS trials, the results suggested that the M1 location produced 

larger effect sizes as compared to DLPFC (p< 0.0001). Our subgroup analysis comparing 

studies with M1 and DLPFC stimulation sites did not show differences in the effect of 

tDCS on pain. We believe the multidimensional nature of pain in FM could be related 

to this finding and although the mechanisms would be different, both strategies would 

affect central pain processing centers. In fact, targeting M1 would lead to motor cortex 

excitability modulation, subsequently affecting components of sensory pain processing, 

ultimately facilitating the descending pain inhibitory system54. Meanwhile, targeting the 

DLPFC would lead to modulation of the cognitive-affective components of pain55,56 due to 

its connections with the limbic system structures. Upcoming mechanistic studies evaluating 

outcomes related to pain processing, such as quantitative sensory testing, could help clarify 

the effects of tDCS on different stimulation sites57. Conditioned pain modulation, for 

example, is believed to be a marker of the descending pain inhibitory system58 that is 

potentially more influenced by M1 than DLPFC stimulation59. Comparably, the effects of 

DLPFC stimulation on mood, fatigue, and attention, commonly impaired in patients with 

FM60, could also be assessed and later correlated to its effects on pain. One important 

consideration is that pain measurement as indexed by VAS is an unspecific measurement 

that is poorly correlated with mechanistic pain measurements8,61.

It is possible that the lack of differences in effect between M1 and DLPFC stimulation 

sites could be simply due to the lack of focality of the tDCS stimulation. Therefore, an 
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aspect that is sometimes viewed as a disadvantage of the technique62,63 could in fact lead to 

positive results in this case. Targeting M1 or DLPFC would lead, therefore, to simultaneous 

modulating of several pain processing and affective/cognitive pathways. Here, again, future 

study designs comparing the two stimulation sites and their effects on different dimensions 

of pain would help address this potential explanation. Hou53 et. al. also explored factors 

related to treatment regimen such as total number of sessions, frequency, and protocol 

duration, however, no significant linear relationship was found. Despite the fact that our 

initial analysis showed that the total number of sessions and the duration of the tDCS session 

in minutes were significantly influencing the effect size, such variables were not relevant 

after controlling for influential observations.

We found that tDCS protocols that lasted four weeks or more, reported larger effect sizes 

than shorter protocols. These results persisted after adjusting for the number of sessions in 

the meta-regression model, suggesting an essential role of the session distribution across 

weeks more so than only the total number of sessions. Our finding is aligned with a previous 

mechanistic study64 that showed that the broader repetition interval of M1 tDCS (more than 

24 hours) produces the strongest cortical excitability changes. Similarly, a previous tDCS 

trial on patients with FM reported during a longitudinal analysis of analgesic effects, that 

the highest clinically significant differences compared to sham tDCS, were achieved after 

the fourth week of stimulation (approximately after 15 sessions)65. These time-dependent 

phenomena are not exclusive to tDCS studies on pain populations; in fact, recent evidence-

based guidelines on tDCS for neuropsychiatric conditions66 reported similar patterns for 

stroke recovery and depression management.

The potential underlying physiological explanation is the time-dependency of 

neuroplasticity. Previous studies67,68 have suggested that tDCS effects depend on the 

engagement of NMDA-related networks within the brain target; thus, the magnitude and 

duration of tDCS-induced plasticity must be related to stimulation duration and timing69. 

However, as it has been reported in several animal models, NMDA-related long-term 

potentiation and depression have a saturation effect (homeostatic plasticity) that prevents 

destabilization of synaptic function; this process depends on protein synthesis regulation, 

which requires a time window to be executed70–73. Therefore, it can be argued that some 

stabilization of plasticity takes place during that prolonged period between stimulation 

sessions, which could facilitate the cumulative gains of plasticity.

Nevertheless, we need to consider that only some studies performed protocols with a 

duration longer than four weeks; hence, our findings could be underpowered or driven by 

few influential studies and require further exploration. But it is clear that session distribution 

and specific timing of repetition intervals are important for optimizing the cumulative effects 

of tDCS protocols. As suggested by Pacheco-Barrios et al.74, there is a need for more 

extended protocols with an optimized architecture based on neuroplasticity physiology. For 

instance, including an induction phase with daily sessions (which produces an optimal 

target engagement64,75) for the first one or two weeks, followed by booster sessions across 

time76,77 to maximize cumulative plasticity and synaptic stabilization. Further studies must 

test methodological alternatives to increase the feasibility of these approaches, such as the 

inclusion of digital health methods and home-based stimulation protocols78,79.
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Despite supporting evidence on the emotional and affective impact of FM and its effect on 

pain perception80,81, our hypothesis that the presence of higher levels of depression and 

anxiety, or other psychosocial related factors would be significantly associated with the 

analgesic effect of tDCS in FM was not confirmed as it could not be adequately tested with 

our data. To explore this, we extracted data on baseline levels of depression, anxiety, and 

pain catastrophizing. Although depression scores were reported in 14 of the 16 studies, there 

was small variability on levels of depression as most studies excluded subjects with severe 

depression. Only few studies have provided information on anxiety and pain catastrophizing, 

as well as other potential key factors such as the use of medications and sleep quality 

scores. Therefore, the available data was insufficient to construct stable meta-regression 

models for many of the population related variables, and model significance was likely 

influenced by the low number of observations. Consequently, it is not possible, or adequate, 

to make conclusions on the relevance of these population related factors on their influence 

on the analgesic effect of tDCS on pain. This finding points out the lack of consistency 

and structure in reporting population related factors. Future study designs are encouraged 

to include information and variability of such factors so its relation to tDCS clinical effect 

can be appropriately explored and used to diminish response variability in the field of 

neuromodulation.

One potentially relevant finding is related to the subgroup analysis based on the presence 

of a combined intervention used with tDCS. Although this comparison was not statistically 

significant, the three studies which used a combined intervention had a pooled ES of 1.70 

[95% CI: 1.24, 2.16) and two out of the three studies used an exercise-based intervention. 

The studies that did not use other combined interventions had an ES of 1.16 [95% CI: 0.69, 

1.63). This finding supports the use of tDCS in combination with exercises for FM pain. 

Research has showed that the combination of tDCS and other therapies, such as exercise, 

are believed to increase clinical effects on pain, as compared to tDCS alone. The evidence 

supports the mechanism of increasing the brain responsiveness to the corticomotor benefits 

of exercise or other interventions as for example increased cortical excitability, improved 

motor control, enhanced muscle activation82, and by adding effects on the pain system 

function.

Limitations

Our review and meta-regression exploration were performed using 16 RCTs with a 

total of 813 subjects included in the analysis. Although our analysis suggested that 

our review is based on low to very low evidence quality, included trials were mainly 

penalized for imprecision due to small sample size (under 300 participants). We agree 

that small and low quality RCTs may indeed present compromised results which might 

not represent the true effect of the intervention, or the true population characteristics. For 

example, small trials may have the randomization assignment compromised and suffer 

from potential confounding. We also acknowledge that this limitation is understandable 

given the challenges with recruitment and adherence in RCTs assessing NIBS in this 

population population83. Our results did not find any significant multivariate meta regression 

models. This finding should be cautiously interpreted as it is likely that potentially existing 

multivariate models may have been underpowered. In addition, our meta-regression analysis 
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had an exploratory nature, and model building process was performed accordingly. Also, 

there is a possible influence of the risk of bias on the pooled results as the individual ES may 

not represent the true effect due to the study biases. Among the limitation, the comparison 

of different measures to assess clinical pain; the male gender not properly represented 

making the results generalizable only to the female population, the lack of studies using 

alternative cortical targets to assess the effect of tDCS, and the impossibility to assess the 

effect of medication should be noted and considered before any conclusion is attempted. 

Too, the studies selected did not included more recent approaches of transcranial electrical 

stimulation, such as focal-tDCS or transcranial random noise stimulation (tRNS), which 

perhaps may be able to exert stronger stimulation effects over the same cortical targets 

with reported therapeutical effects on pain84. Lastly, the sham tDCS montage could have 

been a limiting factor for comparison between active and sham groups for the multi-arm 

intervention trials. The authors caution that all inferences about any results should consider 

these limitations and be interpreted accordingly.

CONCLUSION

Our study provides an updated systematic review and meta-analysis with meta-regression 

methodology on the clinical analgesic effect of tDCS in FM. The main effect of active tDCS 

versus sham tDCS for clinical pain in FM was confirmed to have a positive result favoring 

the active tDCS, with a large ES. Our findings also suggest that tDCS protocols that last 

four weeks or more may be associated with larger effect sizes than shorter protocols, and 

time-dependency neuroplasticity is discussed as a potential underlying physiological cause. 

The offered conclusions should be interpreted with caution due to the risk of bias and low 

levels of certainty found in our analysis and considering the lack of robust studies. Lastly, 

future trials must be thorough to methodological details such as randomization process, 

deviations from intended interventions, missing data, and reporting results to minimize bias.
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Appendix

Appendix

Appendix 1.

Search strategy.

Database Search Terms Results

MEDLINE
PubMed

TDCS
“noninvasive brain stimulation”[Title/Abstract] OR “non-invasive brain 

18,246
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Database Search Terms Results

stimulation”[Title/Abstract] OR “neuromodulation”[Title/Abstract] OR “NIBS”[Title/
Abstract] OR “motor cortex stimulation”[Title/Abstract] OR “Transcranial Electric 
Stimulation”[Title/Abstract] OR “transcranial direct current stimulation”[MeSH Terms] 
OR “transcranial direct current stimulation”[Title/Abstract] OR “tdcs”[All Fields] OR 
“transcranial direct current stimulation”[All Fields]

Fibromyalgia:
“Fibromyalgia”[MeSH Terms] OR “Fibromyalgia”[All Fields] OR “fatigue syndrome, 
chronic”[MeSH Terms] OR “chronic fatigue syndrome”[All Fields] OR “Myofascial Pain 
Syndromes”[MeSH Terms] OR “Myofascial Pain Syndrome”[All Fields] OR “Trigger 
Points”[MeSH Terms] OR “Trigger Points”[All Fields] OR “Trigger Point Pain”[All 
Fields] OR “Fibromialgia”[All Fields] OR “Widespread chronic pain”[All Fields] OR 
“widespread pain”[All Fields]

27,761

TDCS and FIBROMYALGIA 109

EMBASE TDCS
‘transcranial direct current stimulation’/exp OR ‘noninvasive brain stimulation’:ab,ti 
OR ‘noninvasive brain stimulation’/exp OR ‘non-invasive brain stimulation’:ab,ti 
OR ‘transcranial direct current stimulation’:ab,ti OR ‘neuromodulation’:ab,ti OR 
‘neuromodulation’/exp OR ‘nibs’:ab,ti OR ‘tdcs’:ab,ti OR ‘transcranial direct current 
stimulator’

59,921

FIBROMYALGIA
‘fibromyalgia’/exp OR ‘fibromyalgia’:ab,ti OR ‘myofascial pain’/exp OR ‘myofascial 
pain syndrome’/exp OR ‘myofascial pain’:ab,ti OR ‘trigger point pain’ OR ‘trigger 
point’:ab,ti OR ‘chronic fatigue syndrome’/exp OR ‘chronic fatigue syndrome’:ab,ti OR 
‘chronic fatigue’:ab,ti OR ‘widespread chronic pain’ OR ‘widespread chronic pain’:ab,ti

45,271

TDCS and FIBROMYALGIA 490

EMBASE FILTER by Study Type:
clinical trial + randomized controlled trial + randomized controlled trial topic

130

WEB OF 
SCIENCE

TDCS
transcranial direct current stimulation OR noninvasive brain stimulation OR noninvasive 
brain stimulation OR non-invasive brain stimulation OR transcranial direct current 
stimulation OR neuromodulation OR neuromodulation OR nibs OR tdcs

32,311

FIBROMYALGIA
Fibromyalgia OR chronic fatigue syndrome OR Myofascial Pain Syndrome OR 
Myofascial Pain OR Trigger Points OR trigger point pain OR Fibromialgia OR chronic 
fatigue syndrome OR Widespread chronic pain OR Widespread pain

65,205

TDCS and FIBROMYALGIA 267

WeB of Science Filter - Document Type
Articles

179
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Appendix

Appendix 2. 
Risk of bias assessment of the included studies.
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Appendix

Appendix 3. 
Funnel plot for publication bias analysis.

Appendix

Appendix 4.

Univariate models for all explored variables.

Study Methodology Related Factors

95%CI

Variables n τ2 Adj. R2 β SE t p LB UP

Use of intention-to-treat analysis 22 2.53 8.14 0.30 0.91 0.33 0.75 −1.60 2.19

Size of active intervention group 26 2.05 6.87 0.00 0.04 −0.09 0.93 −0.08 0.07

Size of sham intervention group 26 2.05 6.72 0.00 0.05 0.09 0.93 −0.09 0.10

# of Dropouts in active intervention group 22 2.40 1.88 0.19 0.22 −0.86 0.40 −0.64 0.27

# of Dropouts in sham intervention group 22 2.41 2.48 −0.18 0.21 −0.82 0.42 −0.62 0.27

Dropout % in active intervention group 24 2.04 1.79 −0.05 0.05 −1.02 0.32 −0.15 0.05

Dropout % in sham intervention group 24 2.11 1.54 −0.04 0.05 −0.85 0.41 −0.14 0.06

Blinding of participants 26 2.05 6.89 0.13 1.64 0.08 0.94 −3.24 3.52
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Study Methodology Related Factors

95%CI

Variables n τ2 Adj. R2 β SE t p LB UP

Blinding of intervention staff 26 1.93 0.47 1.58 1.66 0.95 0.35 −1.85 5.02

Population 
Related 
Factors

Active Group Sham Group

95%CI 95%CI

Variables n τ2 Adj. 
R2

β SE t p LB UP n τ2 Adj. 
R2

β SE t p LB UP

Average age 23 1.83 1.15 −0.06 0.06 −1.04 0.31 −0.19 0.06 23 1.76 4.52 −0.09 0.08 −1.20 0.24 −0.26 0.07

Duration of 
symptoms 
(months)

8 2.99 0.64 −0.01 0.01 −1.06 0.33 −0.05 0.02 8 2.95 0.73 −0.01 0.01 −1.10 0.31 −0.04 0.02

Percentage of 
women

26 1.91 0.36 −0.02 0.02 −0.85 0.40 −0.05 0.02 26 1.80 6.38 −0.02 0.02 −1.25 0.23 −0.06 0.02

Body mass 
index

7 2.64 17.21 −0.73 0.51 −1.43 0.21 −2.04 0.58 7 3.91 22.42 0.37 0.60 0.61 0.57 −1.18 1.91

Number of 
subjects with 
another 
chronic illness

6 6.42 21.10 0.10 0.19 0.51 0.63 −0.43 0.63 6 6.70 26.46 0.07 0.19 0.35 0.74 −0.46 0.60

Baseline 
depression 
level

14 2.48 2.18 −0.81 0.75 −1.09 0.30 −2.44 0.81 14 2.48 2.18 −0.08 0.75 −1.09 0.30 −2.44 0.81

Baseline 
anxiety level

7 3.33 6.21 −0.76 0.84 −0.90 0.41 −2.93 1.41 7 3.31 5.36 −0.73 0.80 −0.92 0.40 −2.79 1.33

Baseline pain 
catastrophizing 
score

5 3.70 33.52 0.17 0.23 0.75 0.51 −0.55 0.89 5 3.86 39.35 −0.19 0.33 −0.58 0.61 −1.23 0.85

Percentage of 
subjects using 
opioids†

Disability 
score at 
baseline

14 0.62 7.92 −0.02 0.25 −0.78 0.45 −0.07 0.04 14 0.65 4.07 −0.02 0.23 −0.97 0.35 −0.07 0.03

Sleep quality 
score at 
baseline

7 2.90 8.46 0.01 0.08 1.14 0.31 −0.12 0.31 7 3.10 15.95 0.09 0.09 0.99 0.37 −0.15 3.91

†
Calculation not possible due to low number of observations

Intervention Related Factors

95%CI

Variables n τ2 Adj. R2 β SE t p LB UP

Presence of tDCS with a combined 
intervention ‡

Total number of intervention sessions 26 1.45 24.40 0.09 0.03 2.97 0.007† 0.03 0.15

# of Intervention sessions above/below 8 
(median)

26 2.01 4.60 0.56 0.64 0.87 0.39 −0.77 1.89

Teixeira et al. Page 17

Neuromodulation. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Intervention Related Factors

95%CI

Variables n τ2 Adj. R2 β SE t p LB UP

Frequency of intervention sessions per 
week

26 2.04 6.30 0.09 0.17 0.52 0.61 −0.27 0.45

Duration of tDCS intervention (in weeks) 26 1.32 31.30 0.28 0.09 2.96 0.007* 0.08 0.47

Patient setting (inpatient/ outpatient/ 
home)

26 1.69 12.09 −1.99 0.96 −2.06 0.05 −3.98 0.00

Active electrode location 26 2.03 5.91 0.08 0.34 0.23 0.82 −0.63 0.79

Use of a combined intervention with 
tDCS

26 2.00 4.19 0.46 0.98 0.47 0.64 −1.57 2.49

tDCS duration of session (in minutes) 26 1.34 30.11 0.55 0.18 3.08 0.005† 0.18 0.92

†
Not significant after influential point adjustment;

*
Statistically significant at 0.01 level;

‡
Calculation not possible due to low number of observations
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Figure 1. 
Flow diagram of study selection.
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Figure 2. 
Forest plot of the main effect of tDCS on pain in FM.

OCC: occipital region; DLPFC: dorsolateral prefrontal cortex; M1: primary motor cortex; 

OIC: operculo-insular cortex; NRS: numeric rating scale; Cat: Cathodal; Ano: Anodal; SO: 

Supraorbital; ES: Effect Size; CI: Confidence Interval.
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Figure 3. 
Significant univariate meta-regression model – Duration of tDCS intervention measured in 

weeks.

n: Number of observations; τ2 : tau-squared; Adj. R2 : adjusted r-squared; β : beta 

coefficient; SE : standard error; t : t statistic; 95%C.I: 95% confidence interval
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Table 1.

Considered factors related to the study methodology, population and intervention used to create the variables 

used in the analysis.

Study Methodology Population Intervention

- Use of intention-to-treat analysis - Age - Use of tDCS with a combined intervention

- Size of intervention groups - Duration of symptoms - Type of combined intervention

- Dropouts in intervention groups - Gender - Timing of combined intervention

- Disease diagnostic definition criteria - Race - Total number of intervention sessions

- Blinding of study subject - Body mass index - Frequency of intervention sessions per week

- Blinding of intervention staff - Number of subjects with another chronic illness - Duration of tDCS intervention in weeks

- Baseline depression level - Patient setting

- Baseline anxiety level - Type of tDCS montage

- Baseline pain catastrophizing score - Number of stimulation channels

- Percentage of subjects using opioids - Stimulation polarity

- Percentage of subjects using gabapentinoids - Active electrode location

- Percentage of subjects using antidepressants - tDCS current intensity parameter (mA)

- Percentage of subjects using anticonvulsants - tDCS session duration

- Percentage of subjects using analgesics - tDCS electrode surface area

- Percentage of subjects using myorelaxants

- Disability score at baseline

- Sleep quality score at baseline

- Baseline pain Level (Active and Sham groups)
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