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Abstract: Background: The aim of this study is to determine the effect that different tDCS protocols
have on pain processing in healthy people, assessed using quantitative sensory tests (QST) and evoked
pain intensity. Methods: We systematically searched in EMBASE, CINAHL, PubMed, PEDro, PsycInfo,
and Web of Science. Articles on tDCS on a healthy population and regarding QST, such as pressure
pain thresholds (PPT), heat pain thresholds (HPT), cold pain threshold (CPT), or evoked pain intensity
were selected. Quality was analyzed using the Cochrane Risk of Bias Tool and PEDro scale. Results:
Twenty-six RCTs were included in the qualitative analysis and sixteen in the meta-analysis. There were
no significant differences in PPTs between tDCS and sham, but differences were observed when applying
tDCS over S1 in PPTs compared to sham. Significant differences in CPTs were observed between tDCS
and sham over DLPFC and differences in pain intensity were observed between tDCS and sham over
M1. Non-significant effects were found for the effects of tDCS on HPTs. Conclusion: tDCS anodic over
S1 stimulation increases PPTs, while a-tDCS over DLPFC affects CPTs. The HPTs with tDCS are worse.
Finally, M1 a-tDCS seems to reduce evoked pain intensity in healthy subjects.

Keywords: transcranial direct current stimulation; central sensitization; healthy subjects; pain
management

1. Introduction

In recent decades, direct current stimulation has emerged as a non-invasive neuro-
modulation technique applied to the scalp to modulate brain excitability and alter brain
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activity [1]. Notably, transcranial direct current stimulation (tDCS) can produce effects that
persist beyond the stimulation period, influencing neuronal function, making it particularly
effective in pain treatment [2,3]. It modulates neural circuits related to pain processing and
maintains synaptic effects post-intervention [4].

Various studies have assessed tDCS in pain reduction, particularly targeting the pri-
mary motor cortex (M1) [5-7] or the dorsolateral prefrontal cortex (DLPFC) [8,9]. The
stimulation site, alongside parameters like current density and polarity, significantly influ-
ences pain effects [10]. For instance, anodic stimulation of M1 modulates the neuromatrix,
aiding in chronic pain management and affecting secondary hyperalgesia and conditioned
pain modulation [10,11]. This stimulation also alters functional connectivity across several
brain regions including M1, the thalamus, the basal ganglia, the amygdala, the cingulate
cortex, and the brainstem [12-14]. In contrast, anodic stimulation of the prefrontal cortex
enhances cognitive and emotional pain aspects, crucial in pain perception control [15,16].
However, cathodal tDCS seems less effective in these regions [12] but shows promising
antinociceptive effects and increased pain tolerance when applied to the anterior cingulate
cortex (ACC) [17]. Despite significant findings, including increased pain thresholds in vari-
ous studies [18], the impact of different tDCS protocols on pain thresholds, such as pressure
and thermal pain thresholds, remains inconsistently reported [19-26]. This inconsistency
fuels ongoing debate about the most effective tDCS protocol for pain modulation.

Different studies have evaluated how healthy people respond to tDCS, but to date, no
meta-analysis has been performed regarding the most effective protocol for influencing
pain processing. Our study aims to consolidate the current evidence on the efficacy of
various tDCS protocols in healthy individuals. By synthesizing data from quantitative
sensory tests and nociceptive processing assessments, we hope to clarify the most effective
tDCS approaches for pain-processing modulation.

2. Materials and Methods

A systematic review of the literature was performed following PRISMA guidelines [27]
and the recommendation of the Cochrane Handbook. A comprehensive review of com-
puterized literature databases and searches to find unpublished trials were performed to
minimize publication bias.

2.1. Strategy of Search and Study Selection

The search was conducted on 16 November 2023 in the EMBASE, CINAHL, PEDro,
PsycInfo, Web of Science, and MEDLINE databases. A different combination of terms in
relation to tDCS and psychophysical measures or quantitative sensory tests was used in the
search strategy. The complete search strategy can be found in Supplementary Material S1.

This meta-analysis protocol was registered in the International Prospective Register of
Systematic Reviews (PROSPERO registration no: CRD42023459336).

2.2. Eligibility Criteria

We followed the PICOS framework to organize the inclusion criteria. Population (P):
studies that included healthy subjects who were more than 18 years of age, without pain in
the last 3 months; Intervention (I): studies that use tDCS as a single treatment, independent
of the application site; Comparisons (C): sham tDCS; Outcomes (O): primary outcome
that included quantitative sensory testing variable, such as PPT, HPT, cold pain threshold
(CPT), or evoked pain intensity; and Study design (S): randomized controlled trials (RCTs)
published in the Spanish or English languages.

The exclusion criterion was studies that did not include the stimulation parameters.
Two authors screened the titles and abstracts of the initially identified studies to determine
if they satisfied the selection criteria. Any disagreement was resolved by consensus. Full-
text articles were retrieved for the selected titles, and reference lists of the retrieved articles
were inspected to identify additional publications.
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2.3. Data Extraction

Two independent reviewers analyzed the quality of all selected articles using the
same methodology. Disagreements between reviewers were resolved by consensus by
including a third reviewer. Inter-evaluator reliability was determined using the “kappa
coefficient” (>0.7 means high level of agreement among evaluators, 0.5-0.7 a moderate
level of agreement, and <0.5 a low level of agreement). From each study, we extracted
the following data to elaborate the characteristics of the table: (1) number of sessions and
average age; (2) current parameters (intensity, duration, current density, technique, and
electrode location); (3) measurements; and (4) results. The level of agreement between
evaluators was moderate.

2.4. Methodological Quality Assessment

The Physiotherapy Evidence Database (PEDro) scoring system was used for evaluating
the methodological quality of the selected studies [28]. Two authors independently screened
the full-text articles to obtain a score using the PEDro scale. The PEDro tool consists of
11 questions with a maximum score of 10. The following criteria were used for rating the
methodological quality of a study: from 9 to 10, “excellent”; 6 to 8, “good”; 4 to 5, “fair”;
and <4, “poor” [28]. All studies were included in the analysis regardless of study quality.
In the event of any discrepancies between the two reviewers, a consensus was attempted
to be reached by discussion. If a full consensus could not be reached between the two
reviewers after an exhaustive discussion, the opinion of a third reviewer was obtained, and
the proceeding majority consensus was taken.

For the qualitative analysis of selected studies, the criteria for classification of evi-
dence were followed for RCTs [29,30]. The evidence was classified into 5 levels based on
methodological quality as follows: (1) “Strong”, consistent findings among multiple high-
quality randomized controlled trials; (2) “Moderate”, consistent findings among multiple
low-quality randomized controlled trials and/or controlled clinical trials and /or one high-
quality randomized controlled trial; (3) “Limited”, one low-quality randomized controlled
trial and/or controlled clinical trial; (4) “Conflicting”, inconsistent findings among multiple
trials (randomized controlled trials and/or controlled clinical trials); or (5) “No evidence
from trials”, no randomized controlled trials and/or controlled clinical trials.

2.5. Risk of Bias Assessment

Two reviewers independently assessed the risk of bias in the studies. A revised tool to
assess the risk of bias in randomized clinical trials (RoB2) [31] was used to assess the risk of
bias in randomized trials. The tool is structured into five domains via which bias could
be introduced into the outcome. These were identified based on empirical evidence and
theoretical considerations.

2.6. Level of Evidence Assessment

The Grading of Recommendations Assessment, Development and Evaluation (GRADE) [32]
approach was used by two independent authors to evaluate the quality of evidence. In case of
discrepancies, a third author acted. Evidence quality was assessed on a scale of high, moderate,
low, or very low, taking into account several factors. These factors included the presence of
study limitations (RoB), consistency of results, unexplained heterogeneity, precision of results,
the likelihood of publication bias, and the clarity of evidence direction [33]. Very low quality
was assigned when all items posed a serious risk or when more than two items carried a very
serious risk. A low quality rating was given when two or three items presented a serious risk,
or when one or two items exhibited a very serious risk. In cases where two or three items had
a serious risk, or one or two items had a very serious risk, the evidence was also classified as
low-quality. When only one item presented a serious risk, the quality was deemed moderate.
Finally, evidence was considered high-quality when all items displayed no significant concerns.
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2.7. Data Synthesis

Meta-analysis was performed using ReviewManager statistical software (version
5.4; Cochrane, London, UK). Effects were investigated by calculating standardized mean
differences (SMDs) for change scores from baseline to intervention. For this, the sample
size, mean difference, and standard deviations (SDs) were extracted. When the study only
reported median and first and third quartile values, they were converted to means and
SDs [34,35]. When the authors presented only standard errors, these were converted to
SDs. If the study did not present the results, the authors were contacted to request them. If
results were not available in this way, means and SDs were estimated from graphs (Image J
program, version 1.44; National Institute of Health in Bethesda, MA, USA). If none of this
was possible, the study was excluded from the quantitative analysis and the information
was presented narratively.

If the study did not report the preintervention—postintervention mean difference in
each group, the mean difference was obtained using the pre—postintervention values. In the
absence of SD of the difference, we imputed from other data reported in the study: (1) using
other measures reported in the study (e.g., confidence intervals and p values, following the
principles described in Chapter 6.5.2.2 of the Cochrane Handbook) [36]; or, if that was not
possible, (2) using the correlation coefficient of the most similar study included (following
the principles described in Chapter 6.5.2.8 of the Cochrane Handbook) [36]; or if that was
not possible, (3) using a conservative correlation coefficient of 0.5 [37]. This methodology
has been performed in other meta-analyses [38].

A meta-analysis was performed for each measurement and for each type of stimulation:
anodic or cathodic. Subgroup analyses were performed for stimulation area and intensity.
Subgroup analysis by number of sessions was not performed because almost all studies
conducted a single session. Meta-analysis was performed using the inverse variance
method and a random-effects model with 95% confidence intervals, as it provided more
conservative results in the case of heterogeneity between studies, which was expected.
p values < 0.05 were considered statistically significant. An effect size (SMD) of 0.8 or
greater was considered large, an effect size between 0.5 and 0.8 was considered moderate,
and an effect size between 0.2 and 0.5 was considered small.

A sensitivity analysis was performed to evaluate the results. For this purpose, the
meta-analysis was performed only using studies with low RoB, and then without studies
that imputed the SD value of the difference with a correlation coefficient estimated from
another study or with the correlation coefficient of 0.5. Sensitivity analysis was performed
when the analysis could be performed in at least 5 studies. Study heterogeneity was
assessed using the degree of between-study inconsistency (I?). The Cochrane Group has
established the following interpretation of the I? statistic: a value from 0 to 40% may
not be relevant/important heterogeneity, 30 to 60% suggests moderate heterogeneity,
50 to 90% represents substantial heterogeneity, and 75 to 100% represents considerable
heterogeneity [39]. Skewness was assessed using funnel plots according to application
method (cathodic, anodic) and stimulation site. These analyses were performed only if the
subgroups had at least three studies.

3. Results
3.1. Study Selection

Electronic searches identified 3888 potential studies for review. After elimination of
duplicates, a total of 721 studies remained. A total of 670 studies were excluded on the
basis of their titles/abstracts, leaving 51 articles for full-text analysis. Another 22 studies
were excluded because they studied interventions other than tDCS, did not include QST
assessment, or did not include healthy subjects.

Finally, 29 studies [5,9,17,19-26,40-57] were included in the qualitative analysis, and
17 [5,9,17,19-21,24,26,40,43,44,46,48,50,53,55,56] were included in the quantitative analysis,
with a total of 700 subjects. The whole screening process is shown in the PRISMA flow
diagram (Figure 1).



Brain Sci. 2024, 14,9

50f23

Identification of via databases and registers

Records identified through Additional records identified
= database searching through other sources
E (n=3888) (n=10)
§
2
— Records afters duplicated removed
(n=721)
@
E
—
Records screened Records excluded
— (n=721) — (n=670)
2 .
H Fulltext articles assessed for Ful text aicles excluded with
('r?='5'1? reasons (n=22). Reasons
+  Other intervenfions (n=4)
Not include QST (n=12)
* Mo include healthy subjects
— (n=6)
) Studies included in qualitative
synthesis
(n=29)
3
3
£ l
Studies included in metanalysis
) (n=17)

Figure 1. PRISMA flowchart.

3.2. Characteristics of the Included Studies

The characteristics of the included studies are shown in Table 1. The average age of
the participants was 25.77 years. All subjects included in the studies were healthy and did
not present any type of pain at recruitment. All the included studies applied tDCS in some
of its modalities, including the study groups that did not apply any therapy in conjunction
with tDCS. The agreement between the two reviewers regarding the eligibility and data
extraction of the included studies was high according to the kappa coefficient (k = 0.81).

Among the selected studies, most of the studies applied a-tDCS over M1 [5,9,19,
21-25,40,42-44,47-50,55-57], and other studies applied a-tDCS over DLPFC [9,22,26,43,47,
51-54], S1 [24,53], and SO [19]. Six studies applied c-tDCS over M1 [21,24,40,47,54,57],
two over DLPFC [26,47], two over Sl [45,48], and one over ACC [17]. Seven studies
applied HD-tDCS [9,17,22,23,42,52,55]. Regarding current density, five applied a current
density of 0.028 mA/cm? [21,24,41,45], two applied 0.04 mA/cm? [19,44], nine applied
0.057 mA /cm? [5,25,26,40,46,47,50,57], and one applied 0.1 mA/ cm? [53]; the rest of the
studies did not report current density. Regarding stimulation time, one applied tDCS for
7 min [38], three for 10 min [23,52], five for 15 min [21,24,41,45,57], eighteen for 20 min [5,9,19,
22,26,42-44,47-51,53-56], and one for 40 min [46]. Most studies conducted single treatment
sessions [5,17,19,21,23,25,26,40-43,45-47,50,52,55-57], and the rest between three and five
sessions [9,22,24,44,51,53,54].

Regarding outcome measures, 12 measured PPTs [9,17,19,21-23,41,44,45,48,52,53,55],
13 measured VAS or NRS [5,21,24,40,43,46,47,49,51,54,56], 10 measured HPTs [5,9,17,21,24,
26,40,41,45,48], and 13 measured CPTs [9,17,19,22,25,41-43,45,47-49,57].
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Table 1. Data of included studies.

Current Parameters
(Intensity, Duration,

Author, Year, Design, N Sessions, Age (Years) . Measurements Results
Current Density,
Technique, and Location)
Aslaksen et al., 2014, I=2mA,D =7min, a-tDCS reduced pain
Double-blinded RCT, 1 session, Age: 23.5 CD =0.057 mA/cm?, VAS, HPT intensity but did not
N =75 [40] a-tDCS over M1 increase the HPT.
c-tDCS significantly
Bachmann. C, 2010, I=1mA, D =15min, increased CDT, mechanical
Single-blinded RCT, 1 session, Age: 32.8 CD =0.028 mA/cm?, PPT, ﬁgﬁl ?\}[)ITJFCDT’ detection threshold (MDT),
N =8 [41] c-tDCS over M1 ! and mechanical pain
threshold (MPT).
_ _ . a-TDCS significantly
Borckardt et al, 2012, . I=2mA, D =20min, CDT, CPT, WDT, HPT, decreased WDT and CDT,
Single-blinded RCT, 1 session, Age: 26.5 CD = not specified, anodic
) MPT, TSP reduced TSP, and
N =24 [42] HD-tDCS 4 x 1 over M1 . .
marginally increased CPT.
tDCS over M1 or DLPFC
L 2maD = 2omiy
Single-blinded RCT 1 session, Age: 18.5 - o, CPT, VAS ana .ges ¢ ettects, pi.i
N = 30 [43] a-tDCS over M1, a-tDCS resistance, and pain
) over DLPFC tolerance compared to
sham tDCS.
The application of a-tDCS
Braulio et al., 2018, I=2mA, D =20 min, on M1 blocked the
Double-blinded RCT, 1 session, Age: 26.4 CD =0.057 mA/cm?, NRS, CPM, HPT, TSP disconnection of the
N =48[5] a-tDCS over M1 descending pain
modulatory system.
Flix et al., 2021, I=1mA, D =20 min, ﬂfii OVQ;aMnl d“iinr;t
Triple-blinded RCT 5 sessions, Age: 18-35 CD = 0.04 mA/cm?, a-tDCS PPT, MDT produce changes in the
- A somatosensory
N =28 [44] over M1 X
variables assessed.
Flood et al., 2016, I1=2mA, D =10 min, a'tDrCSi rei‘f&ﬂ‘é’lﬁﬁ“
Double-blinded RCT, 1 session, Age: 23.9 (4.56) CD = not specified, anodic PPT, CPM pri)tcoecgle and incerease d
N =30[23] HD-tDCS 4 x 1 over M1 P
the PPT.
) ) I=1.5mA; D = 20 min; tDCS over M‘l or SO rgduced
Garcia-Barajas et al., 2021, CD = 0.042 mA /cm?; thermal pain intensity to
Double-blinded RCT, 1 session, Age: 23.4 (3,6) - ! PPT, CPT, CPM, HPT cold, but not to heat or
a-tDCS over M1, a-tDCS R .
N =40[19] ver SO mechanical pain. tDCS
ove showed no effect on CPM.
Grundmann et al., 2011, I=1mA, D =15 min, c-tDCS over S1 increased
Single-blinded RCT, 1 session, Age: 30 CD =0.028 mA/cm?, CPT, CDT, HPT, PPT CDT, but not a-tDCS or
N =12 [45] a-tDCS, or ¢c-tDCS over S1 sham tDCS.
. Neither a-TDCS over
Gurdiel-Alvarez et al., 2021, I=2mA; D =20 min; UDP, CPM, TSP, cold M1+DLPFC nor a-TDCS

Triple-blind, crossover
N =30 [20]

1 session, Age: 21.9

CD = 0.1 mA/cm?, a-TDCS
M1+DLPFEC or a-TDCS M1

pain intensity

over M1 succeed in
modulating UDP, CPM, TSP,
or cold pain intensity.

Hamner et al., 2015,

I=2mA, D =40 min,

a-tDCS reduced pain

Single-blinded RCT, 1 session, Age: 25.5 CD = 0.057 mA/cm?, VAS intensity (cold pressor test)
N =15 [46] a-tDCS over M1 compared to sham.
I=2mA, D =20 min,
Henriques et al., 2019, CD =0.057 mA/cm?, C;tlgCS I(;/Il t:;;l?(;s 1]t3 LEFS
Single-blinded RCT, 1 session, Age: 24 (4). c-tDCS M1 + a-tDCS VAS © ‘t‘“ftg’c"‘s M i S_ﬂgcé‘
N =10 [47] DLPEC, or c-tDCS DLPFC + “SL‘;,F C or <ham iDCS
a-DCS M1 bilateral ors :
Neither ¢-TDCS nor a-tDCS
Thle et al., 2014, I=1mA,D =15 min, o dl\i/flile Zlizlcfi‘ccea“:ilge
Double-blinded RCT, 3 sessions, Age: 27 CD =0.028 mA/cm?, NRS, HPT, TSP OCeSSINg NOT degease d
N = 16 [24] ¢-tDCS or a-tDCS over M1 p &

pain intensity compared
to sham.
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Table 1. Cont.

Author, Year, Design, N

Sessions, Age (Years)

Current Parameters
(Intensity, Duration,

Current Density, Measurements Results
Technique, and Location)
Jiang et al., 2022, C]ID:—2 /mA; g:é(]))?]glés HD-tDCS over M1 improves
Double-blinded RCT, 3 sessions, Age: 22.38 =/, anodic CPT, CPM, PPT CPM, while over DLPFC it
N =26 [22] 4 x 1 over M1 or had ‘onificant effect
= over DLPFC ad no significant effect.
a-tDCS and c-tDCS on M1
Jiirgens et al., 2012, I=1mA, D =15 min, did not increase PPT and
Single-blinded RCT, 1 session, Age: 24.9 CD =0.028 mA /cm?, VAS, PPT, HPT, TS HPT and did not reduce
N=17[21] a-tDCS or c-tDCS over M1 perceived pain intensity
in VAS.
HD-tDCS has not been
. I=2mA; D =20 min; shown to have an effect on
Kgguir;igi}is:glf{éo% L 3 sessions, Age: 25.1 (5.6) CD = /, anodic HD-tDCS PPT, CPM the modulation of
N = 81 [9] ! s g8 292 (o 4 x 1tDCS over M1, DLPFC HPT, CPT somatosensory sensitivity
a or M1+DLPFC and pain over sham in
either M1 or DLPFC.
Kold et al., 2022, 1 session I=2mA; D =20 min; glfTeffrelCtth"r;PPkT' CaPT' 0:1
Double-blinded RCT At 5 CD = /, a-tDCS over M1 PPT, HPT, CPT fror l\?ll-SletDeCCS s see d
N =20 [48] §e 2L and ctDCS over S1 atte compare
to sham.
Only anodal HD-tDCS
significantly increased the
) I=1mA;D = 20 min; cold pain threshold when
Lietal., 2022, 1 session CD = /, anodic or cathodic compared with sham
Double-blinded RCT, Ace: 22 9é H_D-éDCS 4 % 1DCS CPT, NRS stimulation. Neither anodal
N =28[49] ge: = nor cathodal HD-tDCS
over M1 s .
showed significant analgesic
effects on CPT or
pain intensity.
Mordillo-Mateos et al., 2017, I1=2/1mA,D=15/5min, a-tDCS on M1 could modify
Double-blinded RCT, 1 session, Age: 31.9 CD =0.057 mA/cm?, CPT CPT, but no effect on pain
N =20 [25] a-tDCS over M1 thresholds was observed.
Mylius et al., 2012, E;z_r‘a%;; 3\321:21' a-tDCS over DLPFC
Single-blinded RCT, 1 session, Age: 22.7 o ! HPT increased HPT, but not
N = 24 [26] a-tDCS or c-tDCS -tDCS or sham tDCS
over DLPFC ’
Reidler et al., 2012, I=2mA, D =20 min, a-TDCS over M1 reduced
Double-blinded RCT, 1 session, Age: 36.7 CD =0.057 mA/cm?, CPM pain intensity and increased
N =15 [50] a-tDCS over M1 UDP in the CPM protocol.
a-tDCS over DLPFC
Steyaert et al., 2022 I=2mA, D =20 min, m‘;?;sli;e;i‘ee ;f;gi) tfhe
crossover, double-blinded 3 sessions, Age: 23.5 (4) CD =/; multichannel NRS secondary mechanical
study, N =19 [51] a-tDCS over left DLPFC Y
hyperalgesia but does not
reduce pain intensity.
tDCS produced a significant
Toufexis et al., 2023, I:2mA; D =10 min; CD = /, mccfajcei;“ ﬁ;“sir“ziif;‘t‘m
Single-blinded RCT, 1 session, Age: 22.2 anodal HD-tDCS CPM, PPT pacity. & .
— 4075 changes were observed in
N =40 [52] over DLPFC 4 e
pain sensitivity and
stress-induced hyperalgesia.
Vaseghi B, 2015, C]ID:*O(iBlHrIH[X/Iirizz OaTIIDnéS tDCS anodal stimulation
Double-blinded RCT, 4 sessions, Age: 23.6 T ! PPT did not increase the PPTs for
N =12 [53] over M1, a-tDCS over anv erou
- o DLPFEC, a-tDCS over S1. y group.
tDCS on M1 increased
_ N . moderate evoked pain
Vo et al,, 2022, e /I?li{DDc_s 20min threshold, tDCS on DLPFC
Doubli]efgg?:g RCT, 4 sessions, Age: 26.87 (9.26) a-tDCS over DLPFC, a-tDCS VAS eliminated secondary

over M1+DLPFC,

hyperalgesia. Their
combined application does
not produce better results.
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Table 1. Cont.

Current Parameters
(Intensity, Duration,

Author, Year, Design, N Sessions, Age (Years) C . Measurements Results
urrent Density,
Technique, and Location)
Wan et al., 2021, I=2mA; D =20 min; HD-tDCS on M1 improved
Single-blinded RCT, 1 session, Age: 23.5 (2.28) CD = /; anodic HD-tDCS CPM, PPT the analgesic efficacy of
N =35[55] over M1 CPM in healthy subjects.
. I=2mA; D =20 min; Cathodic HD-tDCS over the
Xiong et al., 2022, CD = /; anodic or cathodic anterior cingulate cortex
Double-blinded RCT, 1 session, Age: 20.5 (2.4) HD-tbCS Anteri PPT, HPT, CPT . d PP% dt
N = 66 [17] 1 over Anterior increase compared to
Cingulate Cortex sham tDCS.
a-tDCS immediately
Yao et al., 2021, I=1mA; D =20 min; reduced pain sensation, and
Double-blinded RCT, 1 session, Age: 19.82 (0.13) CD = 0.04 mA/cm?; a-tDCS NRS this effect was more
N =150 [56] over M1 pronounced when pain

expectation was uncertain.

Zandieh. A, 2013,

a-tDCS over M1 increased
the CPT, but not c-tDCS or
sham tDCS. a-tDCS

I=2mA, D =15 min, increases the time latencies

CPT, Time latencies to pain

Single-blinded RCT, 1 session, Age: 27.9 CD = 0.057 mA/cm?, threshold and tol for threshold cold and pain
N =22[57] a-tDCS or c-tDCS over M1 reshold and tolerance tolerance, in contrast to
cathodic stimulation. tDCS
does not alter subjective
pain tolerance scores.
a-tDCS: anodic transcranial direct current stimulation; c-tDCS: cathodic transcranial direct current stimulation;
CD: current density; CDT: cold detection threshold; CPM: conditioned pain modulation; CPT: cold pain threshold;
DLPFC: dorsolateral prefrontal cortex; HD-tDCS: high-definition transcranial direct current stimulation; HPT:
heat pain threshold; M1: primary motor cortex; mA: milliampere; MDT: mechanical detection threshold; MPT:
mechanical pain threshold; NRS: numerical rating scale; PPT: pressure pain threshold; RCT: randomized clinical
trial; S1: primary somatosensory cortex; tDCS: transcranial direct current stimulation; TSP: temporal summation
of pain; VAS: visual analogue scale.
3.3. Methodological Quality and Risk of Bias
Table 2 shows the details of the PEDro scale and the total score for each of the studies
included. The methodological quality score ranged from 5 to 10 out of a maximum of
10 points. The mean methodological quality score of the included studies was 8. Most of
the included studies had “good” methodological quality, eight had “excellent” quality, and
one had “fair” quality. The most frequent biases were in the randomization process and in
the blinding of the assessors (Figure 2). In the reliability analysis, the agreement between
the two reviewers regarding the methodological quality of the included studies was high
according to the kappa coefficient (k = 0.87).
Table 2. PEDro scale scores for the selected studies.
Author, Year 1 2 3 4 5 6 7 8 9 10 11 Total
Aslaksen et al., 2014 [40] X X X X X X X X X X 9
Bachmann et al., 2010 [41] X X X X X X X X X 8
Borckardt et al., 2012 [42] X X X X X X X X 7
Brasil et al., 2020 [43] X X X X X X 5
Braulio et al., 2018 [5] X X X X X X X X X X X 10
Flix-Diez et al., 2021 [44] X X X X X X X X X X 9
Flood et al., 2016 [23] X X X X X X X X X 8
Garcia-Barajas et al., 2021 [19] X X X X X X X X X 8
Grundmann et al., 2011 [45] X X X X X X X X X 8
Gurdiel-Alvarez et al., 2021 [20] X X X X X X X X X 8
Hamner et al., 2015 [46] X X X X X X X X X 8
Henriques et al., 2019 [47] X X X X X X X X X 8
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Table 2. Cont.
Author, Year 1 2 3 4 5 6 7 8 9 10 11 Total
Ihle et al., 2014 [24] X X X X X X X X X X 9
Jiang et al., 2022 [22] X X X X X X X X X 8
Jiirgens et al., 2012 [21] X X X X X X X X X 8
Kold and Nielsen, 2021 [9] X X X X X X X X 7
Kold et al., 2022 [48] X X X X X X X X X 9
Lietal., 2022 [49] X X X X X X X X 8
Mordillo-Mateos et al., 2017 [25] X X X X X X X X X 8
Mylius et al., 2011 [26] X X X X X X X X X 8
Reidler et al., 2012 [50] X X X X X X X X X X 9
Steyaert et al., 2022 [51] X X X X X X X X X X 9
Toufexis et al., 2023 [52] X X X X X X X X X 8
Vaseghi et al., 2015 [53] X X X X X X X X X X X 10
Vo et al., 2022 [54] X X X X X X X X 7
Wan et al., 2021 [55] X X X X X X X X X X 9
Xiong et al., 2022 [17] X X X X X X X X X 8
Yao et al., 2021 [56] X X X X X X X X 7
Zandieh et al., 2013 [57] X X X X X X X X X 8
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Figure 2. Risk of bias results of the included studies [5,9,17,19-26,40-57]. Green color = low risk of

bias; Yellow Color= unclear risk of bias and Red color= High risk of bias.
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3.4. Certainty of Evidence (GRADE)

Supplementary Material S2 compiles the results of the GRADE assessment, outlining
factors such as the risk of bias, inconsistency of results, indirect evidence, imprecision
of results, and the likelihood of publication bias. A very serious inconsistency of results
(heterogeneity) and risk of bias were downgraded to a very low level of evidence for the
overall effect of anodal tDCS for PPTs, VAS, and HPTs. Moreover, a very serious risk of
bias led to a reduction in the overall quality of evidence to a low level of anodal tDCS for
CPTs, and cathodal tDCS for HPTs and CPTs. Finally, in the context of cathodal tDCS for
PPTs, only a serious risk of bias reduced the quality of evidence to a moderate level.

3.5. Effects of tDCS on PPTs

The effects of tDCS on PPTs were non-significant when compared with the control
group (SMD = 0.07; 95% CI: —0.11 to 0.26; n = 1442; Z = 0.77; p = 0.44) with moderate to
substantial heterogeneity (12 = 67%; p < 0.001) (Figure 3). The effects of a-tDCS (SMD = 0.09;
95% CI: —0.21 to 0.38; n = 906; Z = 0.59; p = 0.55; I? = 78%; p < 0.001) and c-tDCS were
also non-significant compared to placebo stimulation (SMD = 0.17; 95% CI: —0.07 to 0.42;
n=254;,7=138p=0.17; 12 = 0%; p = 0.78) (Figure 4). Subgroup analysis showed that there
were significant differences between the stimulation sites for the overall tDCS (p < 0.001)
and a-tDCS (p < 0.001) analyses. In both analyses, it was observed that the application of
anodic tDCS over S1 produced significant improvements in favor of tDCS compared to
placebo (SMD = 1.54; 95% CI: 0.88 to 2.2; n = 48, Z = 4.58; p < 0.001; 12 = 0%; p=0.71). A
sensitivity analysis was performed eliminating the study by Reidler et al. [50] as an outlier,
without modifying the results of the meta-analysis. In a sensitivity analysis conducted only
on studies with a lower RoB, no change in heterogeneity or overall effect size was observed.
In the analysis performed by eliminating studies for which the SD was imputed with a
correlation coefficient of other studies or for which 0.5 was applied, no differences were
observed, the heterogeneity was augmented from I? = 67%; p < 0.001 to I? = 90%; p < 0.001,
and an increase in the overall effect was observed (SMD = 0.07; 95% CI: —0.11 to 0.26; to
SMD = 0.21; 95% CI: —0.55 to 0.96). The significance of the application of tDCS on S1 was
maintained. The funnel plot showed no asymmetry (Supplementary Material S3).

3.6. Effects of tDCS on HPTs

The effects of tDCS on HPTs were significant in favor of the control group (MD = —0.35;
95% CI: —0.65 to —0.05; n = 1223; Z = 2.3; p = 0.02) (Figure 5). Heterogeneity was moderate to
substantial (I? = 84%; p < 0.001). The effects of a-tDCS on HPTs were significant in favor of
the control group (MD = —0.53; 95% CI: —0.87 to —0.19; n = 899; Z = 3.06; p = 0.002; 2 = 88%;
p < 0.001) (Figure 6), but non-significant in the case of c-tDCS compared to sham stimulation
(MD = 0.25; 95% CI: —0.16 to 0.66; n = 363; Z = 1.2; p = 0.23; I = 0%; p = 0.74) (Figure 6).
Subgroup analysis showed that there were significant differences between the stimulation sites
for the overall tDCS (p = 0.008); it was observed that when tDCS was applied simultaneously
to M1 and DLPFC, significant improvements occurred in favor of the sham stimulation
(MD = —1.3; 95% CIL: —2.02 to —0.58; n = 120; Z = 3.53; p < 0.001; I? = 90%; p < 0.001). The
sensitivity analysis performed only on studies with a low RoB could not be performed, since
only one study included in this analysis showed a low risk of bias [5]. Sensitivity analysis
eliminating studies for which the standard deviation (SD) was imputed with a correlation
coefficient from other studies and in which a coefficient of 0.5 was used showed no significant
differences between real and simulated stimulation (MD = —0.35; 95% CI. —0.92 to —0.21;
n=17572=122;p = 0.22; 2 = 0%; p = 0.93). The analysis was performed in the studies
of Jiirgens et al., 2012 [21], and Kold et al., 2022 [48]. The funnel plot showed asymmetry,
indicating a possible risk of publication bias (Supplementary Material S4).
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tDCs Sham Std. Mean Difference Stel. Mean Difference
Study or Subgroup Mean 50 Total Mean S0 Total Weight |V, Random, 95% CI IV, Random, 95% Cl
1.1.1 M1
Washegi et al., 20154 1.18 0407 12 1.28 0.06 12 2.1%  -1.4E[-2.40, -0.56]
Flin=Diez et al,, 2021 (Bone pastd =06 276 15 0.5 234 15 26N =042 [-1.14, 0.31] =l
Wan et al., 2021A 1.97 322 18 2.B3 3.23 17 £.8% -0.26 [-0.93, 0.41] ] [T
Flix-[Hez et al., 2021 (Bone 5 daysh 0.3 2.85 15 0.8 2.62 15 2.08 =018 [-0.90, 0.54] —l
Flix=Diez et al., 2021 (Thenar posth =0.1 1.75% 15 0 L6 15 2% =006 [=0n 78, 0.65] Y [
Gurdiel-Alvarez et al., 2021 {Finger) Doz 183 30 012 LTE 30 3.3% -0.05 [-0.56, 0.45] o
Brasil et al., 2020M1 1.06 22.86 a0 193 13.22 30 3.3% .05 [=0.55, 0.46] e
Gurdiel-Alvarez et al., 2021 {Trapezius) 019 1.3 30 621 217 E1i 3.3% =000 [-0u5 2, 0.50] b
Flis-Diez et al., 2021 (Bone past training) a1 272 15 o 213 15 2.7% 0.04 [-0.68, 0.75] ——
Flig-Dhez et al,, 2021 (Thenar post trainingl 0.1 1.75 15 0.2 138 15 2,74 0.06 [-0.65, 0.78] —
Gurdiel-Alvarez et al., 2021 {Anterior Tibialis) 094 275 30 057 258 30 33K 014 [-0.37, 0.64] ==
Garcia et al,, 2021A -1.9 5.3 21 -3.3 6.4 21 3.0% 0.22 [-0.39, 0.82] ——
Flix=Diez et al,, 2021 (Thenar 5 days) 0.5 17 15 0.1 133 15 268 0.25 [=0.46, 0.97] 1=
Wan et al., 20218 3.892 402 18  2.27 445 17 2.8% 0.36 [-0.29, 1.05] =
Vashegi et al., 20150 1.3 008 12 1.29 007 12 2.4% 0.64 |-0.18, 1.47] T
Beidler at al., 2002 1.3 0.6 15 =1 05 15 1.6% 335 [2.20, 4.51]
Subtotal (95% CI) 306 304 43.7% 0,10 [-0.20, 0.40] -
Heterogeneity: Taw® = 0.25; Chi' = 48.77, df = 15 (P < 0.0001); I = G3%
Test for averall effect: Z = .64 (P = 0.52)
L1.2 DLPFC
wvasheq et al., 20158 105 006 12 1.28 0.06 12 1.3% -3.700-5.10,-2.30] +————
Washegi et al, 2015E 1.22 012 12 1,29 007 12 2.3%  -0.69[-1.52, 0.14] —
Brasil at al., 2020M1 314 337 30 046 925 30 3.3 0.14 [-0.65, 0.36] —r
Toufexis et al., 2023 -0.07 281 10 -0.32 1.5 18 2.5% 0.12 [-0.86, 0.849] SN TR
Subtotal (95% CI) 64 Tz 9.4%  -0.94 [-2.09, 0.20] ot
Heterogeneity: Taw® = 1.16; Chi' = 24.59, df = 3 (P < 0.0000); P = B&%
Test for averall effect: 2= 161 (P = 0.11)
1.1.3 51
Washegi et al, 2015F 1.56 0.25 12 1.29 0.07 12 2.1% 1.42 [0.51, 2.33] ——
Washegi et al., 2015C LG63 028 12 1.28 D.06 12 2.0% LG7 |0.72, 2.62] —
Subtotal {95% CI) 24 24 4.2% 1.54 [QLBE, 2.20] - -
Heterogeneity: Tau' = 0.00; Chi' = 0.14, df = 1 (P = 0.71); I = 0%
Test for overall effect: Z = 4,58 (P < 0.00001)
1.1.4 50
Garcia et al,, 20218 0,93 7.34 21 =1.73 5.56 1 3.0% 0.40 [-0.21, 1.01] T
Subtotal (95% CI) zl 21 3.0% 040 [-0.21, 1.01]) -
Heterogensity: Not applicable
Test for averall effect: 2 = 1,28 (P = 0.20)
1.1.5 M1 and DLFFC
Gurdlel-Alvarez et al., 2021 {Anterior Tibialis) 033 314 30 057 258 30 3.3%  -0.08 [-0.59, 0.42] =
Gurdiel-Alvarez et al., 2021 (Trapezivs) 018 2.5 30 0.21 217 30 3.3 -0.01 [-0.52. D.49] -t
Gurdiel-Alvarez et al., 2021 {Finger) 0l 242 30 012 L7 30 3.3% 001 [-0.52, 0.50] = B
Subtotal (95% C1) EL 90 9.9%  -0.03 [-0.33, 0.26] L J
Heterogensity: Taw’ = 0.00; Chi' = 0,05, df = 2 (P = 0.97); I’ = 0%
Test for overall effect; Z = 0,23 (P = 0.82]
1L.1.6 Anterior Cingulate Cortex
Xiong et al., 2022 a-tDhCS2 -0l 233 22 01 23 21 3.0%  -0.08 [-0.68, 0.51] T W
Kiong et al., 2022 a-1DCS4 -0.2 1.28 22 -0.1 1.54 Z1 i.0% -0.07 [-0.67. 0.53] = (T
Xiong et al., 202 2a-tDCS1 -0.2 141 22 0.1 L54 21 3.0%  -0.07 [-0.66, 0.53] =
Xiong et al., 2022 c-tDCS3 0.1 318 23 -0.1  L.87 21 3.0% 000 [-0.59, 0.59] T T
Miang et al., 2022 a-1DC53 ¢ 1.13 22 -0.1 LE7 Z1 1.0% 0.06 [-0.53, 0.65] ——
Xiong et al., 2022 c-tDL52 a7 213 23 o1 23 21 308 0.27 [-0.33, 0.66] T T
Xlong et al., 2022 c-tDCS4 0.4 1.2 23 -0.1 L.87 21 3.0 0.32 -0.28, 0.91] i
Xiong e1 al,, 2022 c-1DCS1 0.5 106 23 -0.1 1.4 Z1 3.0% 0.45 [-0.15, 1.05] T
Subtotal (95% C1) 180 168 24.1% 0.11 [-0.10, 0.32] }
Heterogenelty: Tau® = 0.00; Chi* = 3.20,df = 7 (F = 0.87) I° = 0%
Tesl for overall effect: Z = 1,02 (P = 0.31)
1.1.7 M1 and 51
Kold et al, 2022 (Trapezius) B.42 7706 20 18,35 83.57 19 2.0 =010 [-0.73, 0.53] o T
Eold et al, 2022 (Forearm) 115 75.59% 20 9.07 69.84 19 2.0% 0.03 [-0.60, 0.66] S S
Subtotal (95% CIj 40 33 5.8% -0.03 [-0.48, 0.41] R
Heterogeneity: Taw® = 0.00; Chi® = 0,08, df = 1 (F = 0.78); I* = 0%
Test for averall effect: 2 = 0.14 (P = 0.89)
Taotal (95% Cl} 725 717 100.0% 0.07 [-0.11, 0.26] .
Heterogenelty: Taw® = 0.21; Chi* = 105.19, df = 35 (P < 0.00001); F* = 67% -:4 . i i
Test lor averall effect: Z = 0,77 (P = 0.44) Sham tDCS

Test for subgroup differences: Chi® = 23.43, df = 6 {F = {0006}, I = 74.5%

Figure 3. Forest plot of the results of a random-effects meta-analysis shown as SMD, with 95% confidence

interval (CI) for the comparison of PPT in the tDCS group and the control group. The shaded square

represents the point estimate for each individual study and the weight of the study in the meta-analysis.
The diamond represents the overall mean difference of the studies [17,19,20,44,48,53,55].
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a

tDCS Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 M1
Vashegi et al., 2015A 1.18 0.07 12 128 0.06 12 3.7% -1.48 [-2.40, -0.56)
Wan et al,, 2021A 1.97 3.22 18 2.83 3.23 17 4.5%  -0.26 [-0.93, 0.41] I
Kold et al, 2022 (Trapezius) 8.42 77.06 20 16.35 83.57 19  4.6% -0.10[-0.73,0.53] o
Gurdiel-Alvarez et al., 2021 (Finger) 0.02 1.83 30 0.12 176 30 5.0% -0.05 [-0.56, 0.45] b
Brasil et al., 2020M1 1.06 22.86 30 193 13.23 30 5.0%  -0.05[-0.55, 0.46) .
Gurdiel-Al etal., 2021 (T ius) 019 173 30 021 217 30 5.0% -0.01[-0.52,0.50) s el
Kold et al, 2022 (Forearm) 11.5 75.59 20 9.07 69.84 19  4.6% 0.03 [-0.60, 0.66] I
Gurdiel-Alvarez et al., 2021 (Anterior Tibialis) 0.94 275 30 057 258 30 5.0% 0.14 [-0.37, 0.64] S—i—
Garcia et al., 2021A -1.9 6.3 21 -33 6.4 21 4.7% 0.22 [-0.39, 0.82) -T—
Wan et al., 20218 3.92 4.02 18 227 4.45 17 4.5% 0.38 [-0.29, 1.05) T
Vashegi et al., 2015D 1.34 0.08 12 129 0.07 12 4.0% 0.64 [-0.18, 1.47) S
Reidler et al., 2012 1.3 08 15 -1 05 15 3.1% 3.35[2.20, 4.51] —
Subtotal (95% CI) 256 252 53.5%  0.16 [-0.22,0.53] <

Heterogeneity: Tau® = 0.33; Chi® = 46.48, df = 11 (P < 0.00001); I = 76%
Test for overall effect: Z = 0.81 (P = 0.42)

1.1.2 DLPFC

Vashegi et al., 20158 1.05 0.06 12 128 0.06 12 2.5% -3.70(-5.10,-2.30) +—

Vashegi et al., 2015E 1.22 0.12 12 129 0.07 12 4.0%  -0.69[-1.52,0.14) —— T
Brasil et al,, 2020 DLPFC -3.14 33.75 30 046 9.25 30 5.0%  -0.14 [-0.65, 0.36] -
Toufexis et al., 2023 -0.07 2.81 10 -0.32 1.5 18 4.2% 0.12 [-0.66, 0.89) —_—
Subtotal (95% CI) 64 72 15.6% -0.94 [-2.09, 0.20] i

Heterogeneity: Tau® = 1.16; Chi* = 24.59, df = 3 (P < 0.0001); I = 88%
Test for overall effect: Z = 1.61 (P = 0.11)

11351
Vashegi et al,, 2015F 156 025 12 129 007 12 3.7% 1.42 (0.51, 2.33] _—
Vashegi et al., 2015C 163 028 12 128 006 12 3.6% 1.67 (0.72, 2.62) E—
Subtotal (95% CI) 24 24 74%  154[0.88,2.20] D

Heterogeneity: Tau® = 0.00; Chi’ = 0.14, df = 1 (P = 0.71); I’ = 0%
Test for overall effect: Z = 4.58 (P < 0.00001)

1.1.4 50

Garcia et al., 20218 093 734 21 -1.73 5.56 21 4.7% 0.40 [-0.21, 1.01] T

Subtotal (95% CI) 21 21 4.7% 0.40 [-0.21, 1.01] B

Heterogeneity: Not applicable

Test for overall effect: Z = 1.28 (P = 0.20)

1.1.6 Anterior Cingulate Cortex

Xiong et al., 2022(2) -0.1 233 22 0.1 2.3 21 4.7%  -0.08 [-0.68, 0.51] = -

Xiong et al., 2022(4) -02 128 22 -01 154 21 47% -0.07[-0.67,0.53) —_—

Xiong et al., 2022(1) -0.2 141 22 -01 154 21 4.7% -0.07 [-0.66, 0.53) —r

Xiong et al., 2022(3) 0 113 22 -01 1.87 21 47%  0.06 [-0.53, 0.66) ——

Subtotal (95% CI) 88 84 18.8% -0.04[-0.34, 0.26] >

Heterogeneity: Tau® = 0.00; Chi* = 0.15, df = 3 (P = 0.98); I' = 0%

Test for overall effect: Z = 0.26 (P = 0.80)

Total (95% Cl) 453 453 100.0% 0.09 [-0.21, 0.38] ?

Heterogeneity: Tau? = 0.39; Chi* = 99.41, df = 22 (P < 0.00001); I* = 78% 0 t 1 3

Test for overall effect: Z = 0.59 (P = 0.55) Sham tDCS

Test for subgroup differences: Chi* = 22.60, df = 4 (P = 0.0002), I* = 82.3%

tDCs Sham Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI 1V, Rand 95% C1
1.1.151
Kold et al, 2022 (Trapezius) 8.42 77.06 20 16.35 83.57 19 15.5%  -0.10(-0.73, 0.53] B E—
Kold et al, 2022 (Forearm) 11.5 75.59 20 9.07 69.84 19  15.5% 0.03 (-0.60, 0.66] _—
Subtotal (95% CI) 40 38 31.0% -0.03[-0.48,0.41) i
Heterogeneity: Tau® = 0.00; Chi* = 0.08, df = 1 (P = 0.78); I* = 0%
Test for overall effect: Z = 0.14 (P = 0.89)
1.1.6 Anterior Cingulate Cortex
Xiong et al., 2022(3) -0.1 3.18 23 -0.1 1.87 21 17.5% 0.00 [-0.59, 0.59] -_—
Xiong et al., 2022(2) 0.7 213 23 01 2.3 21 17.3% 0.27 [-0.33, 0.86] T T—
Xiong et al., 2022(4) 0.4 1.2 23 -0.1 1.54 21 17.2% 0.36 [-0.24, 0.95) -
Xiong et al., 2022(1) 05 106 23 -0.1 154 21 17.0% 0.45 (-0.15, 1.05) | hd
Subtotal (95% CI) 92 84 69.0% 0.27 [-0.03, 0.56] i
Heterogeneity: Tau® = 0.00; Chi’ = 1.23, df = 3 (P = 0.75); I = 0%
Test for overall effect: Z = 1.76 (P = 0.08)
Total (95% CI) 132 122 100.0% 0.17 [-0.07, 0.42] e
Heterogeneity: Tau® = 0.00; Chi* = 2.51, df = 5 (P = 0.78); I' = 0% -#l 05 0 os i
Test for overall effect: Z = 1.38 (P = 0.17) " Sham tDCS

Test for subgroup differences: Chi’ = 1.20, df = 1 (P = 0.27), I’ = 16.6%

Figure 4. Forest plot of the results of a random-effects meta-analysis shown as SMD, with 95%
confidence interval (CI) for the comparison of PPT in the a-tDCS group and the control group (a) and
in the c-tDCS group and the control group (b). The shaded square represents the point estimate for
each individual study and the weight of the study in the meta-analysis. The diamond represents the
overall mean difference of the studies [17,19,20,44,48,53,55].
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tDCS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 M1
Graven et al., 2021 1 session -0.15 0.6 20 1.32 0.81 20 5.3% -1.47[-1.91, -1.03]
Jurgens et al., 2012 a-tDCS ipsilateral -0.5 2.89 17 0.2 1.24 17 2.4% -0.70[-2.19, 0.79] — ]
Jurgens et al., 2012 c-tDCS contralateral -1 2.89 17 -0.35 2.47 17 1.9% -0.65[-2.46, 1.16]
Graven et al., 2021 3 session 0.6 0.49 20 1.06 0.53 20 5.6% -0.46[-0.78, -0.14] —_—
Aslaksen et al., 2014 0.76 0.5 75 1.1 0.44 75 5.9% -0.34[-0.49, -0.19] -
Jurgens et al., 2012 a-tDCS contralateral -0.46 1.65 17 -0.35 2.47 17 2.6% -0.11[-1.52,1.30] —_—
Jurgens et al., 2012 c-tDCS ipsilateral 0.17 1.94 17 0.2 1.24 17 3.3% -0.03[-1.12, 1.06] —
lhle et al., 2014 a-tDCS -0.5 6.53 16 -0.5 7.5 16 0.4% 0.00 [-4.87, 4.87] »
Graven et al., 2021 2 session 0.3 0.48 20 -0.04 0.69 20 5.5% 0.34[-0.03, 0.71] —
lhle et al., 2014 c-tDCS 0.2 7.67 16 -0.5 7.52 16 0.3% 0.70 [-4.56, 5.96] »
Braulio et al., 2018 1.73 3.07 12 -0.22 2.44 12 1.4% 1.95[-0.27, 4.17] »
Subtotal (95% CI) 247 247 34.5% -0.34[-0.76, 0.08] S
Heterogeneity: Tau® = 0.23; Chi® = 43.68, df = 10 (P < 0.00001); I* = 77%
Test for overall effect: Z = 1.60 (P = 0.11)
3.1.2 DLPFC
Graven et al., 2021 1 session -0.15 0.6 21 132 0.8 21 5.3% -1.47[-1.90, -1.04] —
Graven et al., 2021 3 session 0.6 0.49 21 1.06 0.53 21 5.6% -0.46[-0.77, -0.15] i
Mylius et al., 2012 c-tDCS 1.8 3.19 12 1.99 3.65 12 1.0% -0.19[-2.93, 2.55]
Graven et al., 2021 2 session 0.3 0.48 21 -0.04 0.69 21 5.5% 0.34 [-0.02, 0.70] —
Mylius et al., 2012 a-tDCS 2.78 3.9 12 1.99 3.65 12 0.8% 0.79 [-2.23, 3.81] »
Subtotal (95% CI) 87 87 183% -0.42[-1.27,0.43] i
Heterogeneity: Tau? = 0.62; Chi? = 41.03, df = 4 (P < 0.00001); I = 90%
Test for overall effect: Z = 0.96 (P = 0.34)
3.1.3 M1 and DLPFC
Graven et al., 2021 1 session -0.5 0.66 20 1.32 0.81 20 5.3% -1.82[-2.28, -1.36] E—
Graven et al., 2021 3 session -0.47 0.57 20 1.06 0.53 20 5.6% -1.53[-1.87,-1.19] I
Graven et al., 2021 2 session -0.6 0.6 20 -0.04 0.69 20 5.4% -0.56 [-0.96, -0.16] —
Subtotal (95% CI) 60 60 16.2% -1.30[-2.02,-0.58] ’
Heterogeneity: Tau? = 0.37; Chi? = 19.79, df = 2 (P < 0.0001); I* = 90%
Test for overall effect: Z = 3.53 (P = 0.0004)
3.1.4 Anterior Cingulate Cortex
Xiong et al., 2022 a-tDCS3 -0.4 1.8 22 0 2 21 3.2% -0.40[-1.54, 0.74] —
Xiong et al., 2022 a-tDCS4 0 2.35 22 0.1 1.95 21 2.8% -0.10[-1.39, 1.19] e E—
Xiong et al., 2022 a-tDCS2 0 191 22 0.1 2.25 21 2.9% -0.10[-1.35,1.15] . —
Xiong et al., 2022a-tDCS1 0.1 2.17 22 0 1.77 21 3.1% 0.10 [-1.08, 1.28] e E—
Xiong et al., 2022 c-tDCS2 0.6 1.6 23 0.1 2.35 21 3.0% 0.50 [-0.70, 1.70] e
Xiong et al., 2022 c-tDCS1 0.6 1.63 23 0 1.77 21 3.6% 0.60 [-0.41, 1.61] I B —
Xiong et al., 2022 c-tDCS4 0.8 1.65 23 0.1 1.95 21 3.4% 0.70 [-0.37, 1.77] I e —
Xiong et al., 2022 c-tDCS3 0.8 1.41 23 0 23 21 3.2% 0.80 [-0.34, 1.94] I
Subtotal (95% CI) 180 168 25.2%  0.30 [-0.11, 0.70] g
Heterogeneity: Tau? = 0.00; Chi? = 4.04, df = 7 (P = 0.77); I = 0%
Test for overall effect: Z = 1.44 (P = 0.15)
3.1.5 DLPFC Rigth
Mylius et al., 2012 c-tDCS 3.69 2.99 12 3.87 3.15 12 1.2% -0.18 [-2.64, 2.28]
Mylius et al., 2012 a-tDCS 3.9 4.03 12 3.87 3.15 12 0.9% 0.03 [-2.86, 2.92]
Subtotal (95% CI) 24 24 2.1% -0.09[-1.97,1.78] e —
Heterogeneity: Tau? = 0.00; Chi? = 0.01, df = 1 (P = 0.91); I = 0%
Test for overall effect: Z=0.10 (P = 0.92)
3.1.6 M1 and S1
Kold et al, 2022 -0.53 1.87 20 -0.04 1.22 19 3.6% -0.49[-1.48, 0.50] —
Subtotal (95% CI) 20 19 3.6% -0.49 [-1.48,0.50] —el—
Heterogeneity: Not applicable
Test for overall effect: Z = 0.97 (P = 0.33)
Total (95% CI) 618 605 100.0% -0.35 [-0.65, -0.05] <o
Heterogeneity: Tau? = 0.39; Chi? = 176.48, df = 29 (P < 0.00001); I> = 84% _52 — ) t t
Test for overall effect: Z = 2.30 (P = 0.02) Sham tDCS

Test for subgroup differences: Chi?> = 15.66, df = 5 (P = 0.008), 1> = 68.1%

Figure 5. Forest plot of the results of a random-effects meta-analysis shown as MD, with 95% confidence

interval (CI) for the comparison of HPT in the tDCS group and the control group. The shaded square

represents the point estimate for each individual study and the weight of the study in the meta-analysis.
The diamond represents the overall mean difference of the studies [5,9,17,21,24,26,48].
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a
tDCs Sham Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
3.1.1M1
Graven et al., 2021 1 session -0.15 0.6 20 1.32 0.81 20 6.7% -1.47 [-1.91, -1.03]
Jurgens et al., 2012 Ipsilateral -0.5 2.89 17 0.2 1.24 17 3.1% -0.70 [-2.19, 0.79] —
Kold et al, 2022 -0.53 1.87 20 -0.04 1.22 19 4.6% -0.49[-1.48,0.50] —
Graven et al., 2021 3 session 0.6 0.49 20 1.06 0.53 20 7.1% -0.46 [-0.78, -0.14]
Aslaksen et al., 2014 0.76 0.5 75 105 0.44 75 7.4% -0.29 [-0.44, -0.14]
Jurgens et al., 2012 Contralateral  -0.46 1.65 17 -0.35 2.47 17 3.3% -0.11([-1.52, 1.30]
Ihle et al., 2014 -0.5 6.53 16 -0.5 7.52 16 0.5% 0.00 [-4.88, 4.88]
Graven et al., 2021 2 session 0.3 0.48 20 -0.04 0.69 20 6.9%  0.34(-0.03,0.71] =
Braulio et al., 2018 1.73 3.07 12 -0.22 2.44 12 1.8% 1.95 [-0.27, 4.17] —
Subtotal (95% CI) 217 216 41.3% -0.37 [-0.80, 0.07]

Heterogeneity: Tau? = 0.25; Chi* = 43.71, df = 8 (P < 0.00001); I = 82%
Test for overall effect: Z = 1.63 (P = 0.10)

L M‘[

3.1.2 DLPFC

Graven et al., 2021 1 session -0.15 0.6 21 132 08 21 6.7% -1.47 [-1.90, -1.04]

Graven et al., 2021 3 session 0.6 049 21 1.06 053 21 7.1% -0.46 [-0.77, -0.15)

Graven et al., 2021 2 session 0.3 0.48 21 -0.04 0.69 21 7.0% 0.34[-0.02, 0.70] =
Mylius et al., 2012 2.78 3.9 12 1.99 3.65 12 1.1% 0.79 [-2.23, 3.81]

Subtotal (95% CI) 75 75 21.9% -0.43[-1.33,047] —

e
x

Heterogeneity: Tau? = 0.64; Chi? = 41,00, df = 3 (P < 0.00001); I = 9.

Test for overall effect: Z = 0.94 (P = 0.35)

3.1.3 M1 and DLPFC

Graven et al., 2021 1 session -0.5 0.66 20 1.32 0.81 20 6.6% -1.82[-2.28, -1.36] I

Graven et al., 2021 3 session -0.47 0.57 20 1.06 0.53 20 7.0% -1.53[-1.87,-1.19] =

Graven et al., 2021 2 session -06 0.6 20 -0.04 0.69 20 6.8% -0.56 [-0.96, -0.16] —

Subtotal (95% CI) 60 60 20.5% -1.30 [-2.02, -0.58] —~
Heterogeneity: Tau’ = 0.37; Chi* = 19.79, df = 2 (P < 0.0001); I’ = 90%

Test for overall effect: Z = 3.53 (P = 0.0004)

3.1.4 Anterior Cingulate Cortex

Xiong et al., 2022(3) -0.4 1.8 22 o 2 21 4.1% -0.40 [-1.54,0.74] T
Xiong et al., 2022(4) 0 235 22 0.1 1.95 21 3.6% -0.10([-1.39, 1.19] . E—
Xiong et al., 2022(2) 0 191 22 0.1 2.25 21 3.7% -0.10 [-1.35, 1.15] I E—
Xiong et al., 2022(1) 0.1 2.35 22 0 177 21 3.7% 0.10 [-1.14, 1.34] I | Ca—
Subtotal (95% CI) 88 84 15.1% -0.14[-0.75,0.47]

Heterogeneity: Tau? = 0.00; Chi® = 0.35, df = 3 (P = 0.95); I’ = 0%
Test for overall effect: Z = 0.44 (P = 0.66)

3.1.5 DLPFC Rigth

Mylius et al., 2012 3.9 4.03 12 3.87 3.15 12 1.2% 0.03 [-2.86, 2.92]
Subtotal (95% CI) 12 12 12%  0.03(-2.86,2.92] e —
Heterogeneity: Not applicable
Test for overall effect: Z = 0.02 (P = 0.98)
Total (95% CI) 452 447 100.0% -0.53 [-0.87, -0.19] >
Heterogeneity: Tau® = 0.39; Chi? = 161.40, df = 20 (P < 0.00001); I* = 88% = & t 3
Test for overall effect: Z = 3.06 (P = 0.002) Sham tDCS
Test for subgroup differences: Chi’ = 6.54, df = 4 (P = 0.16), I = 38.8%
b
tDCS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
311 M1
Jurgens et al., 2012 Contralateral -1 2.89 17 -035 247 17 5.2% -0.65[-2.46, 1.16] —
Jurgens et al., 2012 Ipsilateral 017 1.94 17 02 124 17 14.1% -0.03[-1.12, 1.06] —_—
Ihle et al., 2014Cathodic 0.2 767 16 -0.5 7.52 16  0.6% 0.70 [-4.56, 5.96]
Subtotal (95% CI) 50 50 19.8% -0.17 [-1.09, 0.75] i
Heterogeneity: Tau? = 0.00; Chi’ = 0.44, df = 2 (P = 0.80); I = 0%
Test for overall effect: Z = 0.36 (P = 0.72)
3.1.2 DLPFC
Mylius et al., 2012 18 3.19 12 199 3.65 12  2.2% -0.19[-2.93,2.55]
Subtotal (95% CI) 12 12 22% -0.19[-2.93,2.55] —————
Heterogeneity: Not applicable
Test for overall effect: Z = 0.14 (P = 0.89)
3.1.351
Kold et al, 2022 -0.53 1.87 20 -0.04 1.22 19 17.3% -0.49 [-1.48, 0.50] —
Subtotal (95% CI) 20 19 17.3% -0.49 [-1.48, 0.50] i
Heterogeneity: Not applicable
Test for overall effect: Z = 0.97 (P = 0.33)
3.1.4 Anterior Cingulate Cortex
Xiong et al., 2022(2) 06 16 23 01 225 21 125% 0.50(-0.66, 1.66] —t
Xiong et al., 2022(1) 06 18 23 0 177 21 15.1%  0.60 [-0.46, 1.66] —t—
Xiong et al., 2022(4) 0.8 1.65 23 01 1.95 21 14.7% 0.70(-0.37,1.77) o
Xiong et al., 2022(3) 0.8 145 23 0 2 21 156% 0.80[-0.24,1.84] i
Subtotal (95% CI) 92 84 57.8%  0.66 [0.12, 1.20] -
Heterogeneity: Tau® = 0.00; Chi’ = 0.16, df = 3 (P = 0.98); I = 0%
Test for overall effect: Z = 2.39 (P = 0.02)
3.1.5 DLPFC Rigth
Mylius et al., 2012 369 2.99 12 3.87 3.15 12  2.8% -0.18(-2.64,2.28)
Subtotal (95% CI) 12 12 2.8% -0.18 [-2.64, 2.28] R —
Heterogeneity: Not applicable
Test for overall effect: Z = 0.14 (P = 0.89)
Total (95% CI) 186 177 100.0%  0.25 [-0.16, 0.66] -
Heterogeneity: Tau? = 0.00; Chi’ = 5.96, df = 9 (P = 0.74); I = 0% e

Test for overall effect: Z = 1.20 (P = 0.23) lSham tDCS !

Test for subgroup differences: Chi’ = 5.36, df = 4 (P = 0.25), I’ = 25.4%
Figure 6. Forest plot of the results of a random-effects meta-analysis shown as MD, with 95% confidence
interval (CI) for the comparison of HPT in the a-tDCS group and the control group (a) and in the c-tDCS
group and the control group (b). The shaded square represents the point estimate for each individual
study and the weight of the study in the meta-analysis. The diamond represents the overall mean
difference of the studies [5,9,17,21,24,26,48].
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3.7. Effects of tDCS on CPTs

The effects of tDCS on CPTs were significant in favor of tDCS compared to sham
stimulation (MD = —0.46; 95% CI: —0.91 to —0.01; n =1006; Z = 1.99; p = 0.05). Heterogeneity
was not relevant (I = 0%; p = 0.88) (Figure 7). The effects of a-tDCS on CPTs were significant
in favor of a-tDCS compared to sham tDCS (MD = —0.45; 95% CI: —0.9 to —0.00; n = 714;
Z =1.97; p = 0.05; I> = 0%; p = 0.5) (Figure 8), but non-significant in the case of c-tDCS
compared to sham stimulation (MD = 0.34; 95% CI: —1.56 to 2.25; n = 331; Z = 0.33; p = 0.74;
12 = 0%; p = 0.97) (Figure 8). Subgroup analysis showed that there were non-significant
differences between the stimulation sites (p = 0.46), but it was observed that the application
of tDCS over DLPFC produced significant improvements in favor of tDCS compared to
sham in overall tDCS analyses (MD = —0.96; 95% CI: —1.75 to —0.16; n = 171; Z = 2.37;
p =0.02; 2 = 0%; p = 0.91) and a-tDCS analyses (MD = —0.95; 95% CI: —1.75 to —0.15;
n=147;Z = 2.32; p = 0.02; I = 0%; p = 0.91). The sensitivity analysis performed only on
studies with a low RoB could not be performed, as all studies included in this analysis
showed a moderate or high risk of bias. Sensitivity analysis eliminating studies for which
the standard deviation (SD) was imputed with a correlation coefficient from other studies
and in which a coefficient of 0.5 was used showed no significant differences between real
and simulated stimulation (MD = 0.85; 95% CI: —1.83 to 3.52; n = 175; Z = 0.62; p = 0.54;
12 = 0%; p = 0.96). The analysis was performed in the studies of Jiirgens et al., 2012 [21],
and Kold et al., 2022 [48]. The funnel plot showed asymmetry, indicating a possible risk of
publication bias (Supplementary Material S5).

tDCS Sham Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean _ SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
211 ML

Graven et al., 2021 3 session -02 215 20 116 22 20 1L1% -136[-2.71,-0.01]

Graven et al., 2021 2 session -05 237 20 077 223 20 9.9% -1.27[-2.70,0.16] —_—
Borckardt et al., 2012 -1 1337 13 -0.05 241 11  0.4% -0.95[-8.36, 6.46]

Jiirgens et al., 2012 a~tDCS ipsilateral -1 1337 17 -0.1 1196 17  0.3% -0.90[-9.43,7.63]

Jirgens et al., 2012 ¢-tDCS ipsilateral 12 1143 17 16 9.04 17  0.4% -0.40[-7.33,6.53]

Jiirgens et al., 2012 c-tDCS contralateral ~ -0.2 10.53 17 -0.1 11.97 17  0.4% -0.10[-7.68, 7.48]

Graven et al., 2021 1 session 18 238 20 13 238 20 9.3%  0.50[-0.98,1.98] E
Jiirgens et al., 2012 a~tDCS contralateral 25 1262 17 16 9.04 17  0.4%  0.90[-6.48, 8.28]

Subtotal (95% CI) 141 139 32.1% -0.73 [-1.53, 0.06] -

Heterogeneity: Tau? = 0.00; Chi® = 4.29, df = 7 (P = 0.75); I = 0%
Test for overall effect: Z = 1.81 (P = 0.07)

2.1.2 DLPFC

Mylius et al., 2012 c-tDCS -0.53 8.06 12 0.98 5.95 12 0.6% -1.51[-7.18, 4.16]

Graven et al., 2021 3 session -0.3 232 21 1.16 2.2 20 10.5% -1.46[-2.84,-0.08] I
Graven et al., 2021 1 session 0.4 215 21 13 238 20 10.4% -0.90[-2.29, 0.49] e
Mylius et al., 2012 a-tDCS 0.4 7.3 12 098 5.95 12 0.7% -0.58 [-5.91, 4.75]

Graven et al., 2021 2 session 0.3 245 21 077 223 20 9.8% -0.47[-1.90, 0.96] -1
Subtotal (95% CI) 87 84 32.1% -0.96 [-1.75, -0.16] -

Heterogeneity: Tau? = 0.00; Chi” = 1.01, df = 4 (P = 0.91); I’ = 0%
Test for overall effect: Z = 2.37 (P = 0.02)

2.1.3 DLPFC Right

Mylius et al., 2012 a-tDCS -1.03 556 12 -0.48 577 12 1.0% -0.55[-5.08,3.98]
Mylius et al., 2012 c-tDCS 2.13 8.01 12 -0.48 5.77 12 0.6% 2.61[-2.98, 8.20]
Subtotal (95% Cl) 24 24 16% 0.71[-2.81,4.23] e —

Heterogeneity: Tau” = 0.00; Chi* = 0.74, df = 1 (P = 0.39); I* = 0%
Test for overall effect: Z = 0.39 (P = 0.69)

2.1.4 M1 and DLPFC

Graven et al., 2021 1 session 0.3 243 20 13 238 20 9.1% -1.00 [-2.49, 0.49] A
Graven et al., 2021 2 session 0.77 2.45 20 0.77 223 20 9.6% 0.00 [-1.45, 1.45] —
Graven et al., 2021 3 session 248 241 20 1.16 2.2 20 9.9% 1.32[-0.11, 2.75]

Subtotal (95% CI) 60 60 285%  0.12[-1.20, 1.44] i
Heterogeneity: Tau? = 0.80; Chi” = 4.90, df = 2 (P = 0.09); I = 59%
Test for overall effect: Z = 0.18 (P = 0.86)

2.1.5 Anterior Cingulate Cortex

Xiong et al., 2022 c-tDCS3 -0.4 1139 23 2 1121 21 0.5% -2.40[-9.08, 4.28]

Xiong et al., 2022 c-tDCS2 -22 1097 23 -17 117 21  0.4% -0.50[-7.22,6.22]

Xiong et al., 2022 c-tDCS1 -02 961 23 -03 10.82 21  0.5%  0.10[-5.97,6.17]

Xiong et al., 2022 a-tDCS3 21 1041 22 2 1121 21 0.5%  0.10[-6.37,6.57]

Xiong et al., 2022 c-tDCS4 11 928 23 09 91 21 0.7% 0.20[-5.23,5.63]

Xiong et al., 2022a-tDCS1 0.8 915 22 -03 1082 21  0.6%  1.10[-4.90,7.10]

Xiong et al., 2022 a-tDCS2 -05 1093 22 -17 117 21  0.4%  1.20[-5.58,7.98]

Xiong et al., 2022 a-tDCS4 22 901 22 09 91 21 07% 130[-4.126.72]

Subtotal (95% CI) 180 168 43%  0.23[-1.94,2.39] e
Heterogeneity: Tau? = 0.00; Chi® = 0.95, df = 7 (P = 1.00); I = 0%

Test for overall effect: Z = 0.20 (P = 0.84)

2.1.6 M1 and S1

Kold et al, 2022 199 664 20 02 543 19  14%  1.79[-2.01,5.59] S Ese—
Subtotal (95% CI) 20 19  14% 179 [-2.01,5.59] e —
Heterogeneity: Not applicable

Test for overall effect: Z = 0.92 (P = 0.36)

Total (95% Cl) 512 494 100.0% -0.46 [-0.91, -0.01] L 2

Heterogeneity: Tau? = 0.00; Chi? = 17.96, df = 26 (P = 0.88); I* = 0% & 3 ¥
Test for overall effect: Z = 1.99 (P = 0.05) OCS Sham

Test for subgroup differences: Chi? = 4.64, df = 5 (P = 0.46), I> = 0%

Figure 7. Forest plot of the results of a random-effects meta-analysis shown as MD, with 95%
confidence interval (CI) for the comparison of CPT in the tDCS group and the control group. The
shaded square represents the point estimate for each individual study and the weight of the study in
the meta-analysis. The diamond represents the overall mean difference of the studies [9,17,21,26].
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tDCS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
2.1.1 M1
Graven et al., 2021 3 session -0.2 215 20 116 2.2 20 11.0% -1.36[-2.71,-0.01]
Graven et al., 2021 2 session -0.5 237 20 0.77 223 20 9.8% -1.27[-2.70, 0.16] ~
Jurgens et al., 2012 Ipsilateral -1 247 17 0.08 5.36 17 2.5% -1.08(-3.89, 1.73]
Borckardt et al., 2012 -1 13.37 13 -0.05 241 11 0.4%  -0.95 [-8.36, 6.46]
Graven et al., 2021 1 session 1.8 238 20 1.3 238 20 9.2% 0.50 [-0.98, 1.98] S —
Jurgens et al., 2012 Contralateral 25 4.12 17 155 3.71 17 2.9% 0.95 [-1.69, 3.59]
Kold et al, 2022 199 664 20 02 543 19 14%  1.79[-2.01,5.59)
Subtotal (95% CI) 127 124 37.3% -0.50[-1.35,0.35] i
Heterogeneity: Tau® = 0.21; Chi* = 7.16, df = 6 (P = 0.31); I’ = 16%
Test for overall effect: Z = 1.16 (P = 0.25)
2.1.2 DLPFC
Graven et al., 2021 3 session -0.3 232 21 116 2.2 20 10.5% -1.46 [-2.84, -0.08] —_—
Graven et al., 2021 1 session 04 215 21 1.3 238 20 10.4% -0.90 [-2.29, 0.49] - T
Mylius et al., 2012 0.4 7.3 12 098 5.95 12 0.7% -0.58 [-5.91, 4.75]
Graven et al., 2021 2 session 0.3 245 21 077 223 20 9.8% -0.47 [-1.90, 0.96] I E—
Subtotal (95% CI) 75 72 31.3% -0.95 [-1.75, -0.15] i

Heterogeneity: Tau? = 0.00; Chi’ = 0.98, df = 3 (P = 0.81); I’ = 0%

Test for overall effect: Z = 2.32 (P = 0.02)

2.1.3 DLPFC Right

Mylius et al., 2012 -1.03 5.56 12 -0.48 5.77 12 1.0%  -0.55[-5.08, 3.98]

Subtotal (95% CI) 12 12 1.0% 5 [-5.08, 3.98] ———
Heterogeneity: Not applicable

Test for overall effect: Z = 0.24 (P = 0.81)

2.1.4 M1 and DLPFC

Graven et al., 2021 1 session 03 243 20 1.3 238 20 9.0% -1.00[-2.49, 0.49] - 1

Graven et al., 2021 2 session 0.77 245 20 0.77 223 20 9.5% 0.00 [-1.45, 1.45]

Graven et al., 2021 3 session 248 241 20 1.16 2.2 20 9.8% 1.32 [-0.11, 2.75] =
Subtotal (95% CI) 60 60 283%  0.12[-1.20, 1.44] e
Heterogeneity: Tau? = 0.80; Chi’ = 4.90, df = 2 (P = 0.09); I’ = 59%

Test for overall effect: Z = 0.18 (P = 0.86)

2.1.5 Anterior Cingulate Cortex

Xiong et al., 2022(3) 21 1041 22 2 1121 21 05%  0.10[-6.37,6.57)

Xiong et al., 2022(1) 0.8 915 22 -03 10.82 21  0.6% 1.10[-4.90, 7.10]

Xiong et al., 2022(2) -0.5 10.93 22 -1.7 117 21 0.4% 1.20 [-5.58, 7.98]

Xiong et al., 2022(4) 22 9.01 22 0.9 9.1 21 0.7% 1.30 [-4.12, 6.72]

Subtotal (95% Cl) 88 84  22%  0.96 [-2.09, 4.01] ——
Heterogeneity: Tau? = 0.00; Chi? = 0.09, df = 3 (P = 0.99); I = 0%

Test for overall effect: Z = 0.62 (P = 0.54)

Total (95% CI) 362 352 100.0% -0.45 [-0.90, -0.00] -

Heterogeneity: Tau? = 0.00; Chi? = 17.39, df = 18 (P = 0.50); I* = 0% . o 3

Test for overall effect: Z = 1.97 (P = 0.05) tDCS Sham

Test for subgroup differences: Chi* = 2.89, df = 4 (P = 0.58), I = 0%

tDCS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 M1
Jurgens et al., 2012 Ipsilateral 1.2 11.43 17 1.6 9.04 17 7.5% -0.40[-7.33,6.53]
Jurgens et al., 2012 Contralateral -0.2 10.53 17 -0.1 11.97 17 6.3% -0.10 [-7.68, 7.48] _—
Subtotal (95% CI) 34 34 13.8% -0.26 [-5.38, 4.85] e
Heterogeneity: Tau® .00; Chi? = 0.00, df = 1 (P = 0.95); I = 0%
Test for overall effect: 0.10 (P = 0.92)
2.1.2 DLPFC
Mylius et al., 2012 -0.53 8.06 12 0.98 5.95 12 11.3% -1.51[-7.18,4.16] P E—
Subtotal (95% Cl) 12 12 11.3% -1.51[-7.18,4.16] e ——
Heterogeneity: Not applicable
Test for overall effect: Z = 0.52 (P = 0.60)
2.1.3 DLPFC Right
Mylius et al., 2012 2.13 8.01 12 -0.48 5.77 12 11.6%  2.61[-2.98, 8.20] I -
Subtotal (95% CI) 12 12 11.6% 2.61([-2.98,8.20] e
Heterogeneity: Not applicable
Test for overall effect: Z = 0.92 (P = 0.36)
2.1451
Kold et al, 2022 199 6.64 20 02 543 19 251% 1.79[-2.01,5.59] —t——
Subtotal (95% CI) 20 19 25.1% 1.79[-2.01,5.59] i
Heterogeneity: Not applicable
Test for overall effect: Z = 0.92 (P = 0.36)
2.1.5 Anterior Cingulate Cortex
Xiong et al., 2022(3) -0.4 11.39 23 2 1121 21 8.1% -2.40 [-9.08, 4.28] —_— T
Xiong et al., 2022(2) -2.2 10.97 23 -17 117 21 8.0% -0.50[-7.22, 6.22] —
Xiong et al., 2022(1) -0.2 9.61 23 -0.3 10.82 21 9.8% 0.10[-5.97,6.17] E—
Xiong et al., 2022(4) 1.1 9.28 23 0.9 9.1 21 12.3%  0.20 [-5.23,5.63] e —
Subtotal (95% CI) 92 84 382% -0.52[-3.60, 2.55] —~a—
Heterogeneity: Tau? = 0.00; Chi? = 0.41, df = 3 (P = 0.94); I = 0%
Test for overall effect: 0.33 (P = 0.74)
Total (95% CI) 170 161 100.0% 0.34 [-1.56, 2.25] ?

Heterogeneity: Tau®
Test for overall effe 0.36 (P = 0.72)

.00; Chi* = 2.37,df = 8 (P = 0.97); I’ = 0%

-10 -5

o
.
o

tDCS Sham

Test for subgroup differences: Chi? = 1.96, df = 4 (P = 0.74), I = 0%

Figure 8. Forest plot of the results of a random-effects meta-analysis shown as MD, with 95%
confidence interval (CI) for the comparison of CPT in the a-tDCS group and the control group (a) and
in the c-tDCS group and the control group (b). The shaded square represents the point estimate for
each individual study and the weight of the study in the meta-analysis. The diamond represents the
overall mean difference of the studies [9,17,21,26,42,48].
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3.8. Effects of tDCS on Pain

The effects of tDCS on pain were significant in favor of tDCS compared to sham
stimulation, with a small effect size (SMD = —0.36; 95% CI. —0.62 to —0.1; n = 1252; Z =2.73;
p = 0.006). Heterogeneity was moderate to substantial (I? = 78%; p < 0.001) (Figure 9). The
effects of a-tDCS on pain were significant in favor of a-tDCS compared to sham tDCS (SMD
= —0.34; 95% CI: —0.61 to —0.08; n = 1232; Z = 2.53; p = 0.01; I? = 79%; p < 0.001) (Figure 10).
The effect of c-tDCS on pain was not analyzed due to the lack of studies applying this
type of stimulation. Subgroup analysis showed that there were non-significant differences
between the stimulation sites, but it was observed that the application of tDCS over M1
produced significant improvements in favor of tDCS compared to sham in overall tDCS
(SMD = —0.35; 95% CI: —0.67 to —0.04; n = 1016; Z = 2.18; p = 0.03; 1> = 82%; p < 0.001)
and a-tDCS analyses (SMD = —0.35; 95% CI: —0.67 to —0.04; n = 1016; Z = 2.18; p = 0.03;
12 = 82%; p < 0.001). The sensitivity analysis performed only on studies with a low RoB
could not be performed, since only one study included in this analysis showed a low risk
of bias [5]. The sensitivity analysis could not be performed by removing studies for which
the standard deviation (SD) was imputed with a correlation coefficient from other studies
or for which 0.5 was used because all SDs in this group were estimated, except for the
study conducted by Garcia et al., 2021 [19]. The funnel plot showed asymmetry, indicating
a possible risk of publication bias (Supplementary Material 56).

tDCS Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Random, 95% CI
5.1.1 M1
Aslaksen et al, 2014(47%) -13.88 4.49 75 -5.92 5.16 75 5.7% -1.64 [-2.01, -1.27] +—
Aslaksen et al, 2014(45%) -12.68 3.88 75 -7.81 4.49 75 5.8% -1.15[-1.50, -0.81] I —
Hamner et al., 2015(14%) -1 0.77 15 -0.55 0.39 15 4.2% -0.72 [-1.46, 0.02]
Yao et al., 2021 -0.5  1.06 50 0.21 106 50 5.6% -0.66 [-1.07, -0.26]
Yao et al., 2021 (30 min post) -0.35 1.2 50 0.14 1.2 50 5.6% -0.41[-0.80, -0.01]
Hamner et al., 2015(7%) -1 0.97 15 -0.65 0.77 15 4.3% -0.39[-1.11, 0.33] —
Garcia et al., 2021 Cold -0.84 0.83 21 -0.52 1.06 21 4.8%  -0.33[-0.94, 0.28] —_—
Aslaksen et al., 2014(43%) -5.49 3.7 75 -5.01 3.27 75 5.9% -0.14 [-0.46, 0.18] I
Brasil et al,, 2020M1 0.11  1.82 30 0.3 1.69 30 5.2% -0.11 [-0.61, 0.40] - 1
Gurdiel-Alvarez et al., 2021 -5.61 18.63 30 -4.07 21.4 30 5.2%  -0.08[-0.58, 0.43] R
Garcia et al., 2021 Heat -0.37 0.93 21 -0.39 0.86 21 4.8% 0.02 [-0.58, 0.63] I —
Braulio et al., 2018 -0.08 1.64 12 -0.25 1.55 12 4.0% 0.10 [-0.70, 0.50] 1
Braulio et al., 2018 (10 min post) -0.75 1.58 12 -1 1.7 12 4.0% 0.15 [-0.65, 0.95] e
Braulic et al., 2018 (15 min post) -1.18 1.56 12 -1.58 1.79 12 4.0% 0.23 [-0.57, 1.03] —
Hamner et al., 2015(0%) 0.2 0.97 15 -0.3 1.16 15 4.3% 0.45 [-0.27, 1.18] —
Subtotal (95% CI) 508 508 73.4% -0.35[-0.67,-0.04] i
Heterogeneity: Tau® = 0.30; Chi* = 78.66, df = 14 (P < 0.00001); I = 82%
Test for overall effect: Z = 2.18 (P = 0.03)
5.1.2 DLPFC
Brasil et al., 2020 DLPFC 03 1.82 30 0.2 191 30 5.2% 0.05 [-0.45, 0.56] S —
Subtotal (95% CI) 30 30 5.2% 0.05 [-0.45, 0.56] i
Heterogeneity: Not applicable
Test for overal| effect: Z = 0.20 (P = 0.84)
5.1.3 M1 and DLPFC
Henrigues et al., 2019 a-tDCS -2 1.49 10 0 1.49 10 3.3% -1.29[-2.27,-0.30) +—
Henriques et al., 2019 ¢-tDCS -1 0.79 10 0 1.49 10 3.6%  -0.80[-1.72,0.12] ~
Gurdiel-Alvarez et al., 2021 -0.91 18.15 30 -4.07 21.4 30 5.2% 0.16 [-0.35, 0.66] T
Subtotal (95% CI) 50 50 12.1% -0.57 [-1.49, 0.35] e ——
Heterogeneity: Tau® = 0.49; Chi’ = 8.12, df = 2 (P = 0.02); I = 75%
Test for overall effect: Z = 1.21 (P = 0.23)
5.1.4 50
Garcia et al., 2021 Cold -0.76 0.88 19 -0.16 1.05 19 4.6%  -0.61[-1.26, 0.05] I
Garcia et al., 2021 Heat -0.36 0.9 19 -0.16 0.93 19 4.7%  -0.21[-0.85, 0.42] I
Subtatal (95% CI) 38 38 92% -0.41[-0.86, 0.05] e
Heterogeneity: Tau® = 0.00; Chi* = 0.71, df = 1 (P = 0.40); I’ = 0%
Test for overall effect: Z = 1.74 (P = 0.08)
Total (95% ClI) 626 626 100.0% -0.36 [-0.62, -0.10] -
Heterogeneity: Tau® = 0.27; Chi* = 92.98, df = 20 (P < 0.00001); I = 78% _‘1 _0= 5 0 D=5 1
Test for overall effect: Z = 2.73 (P = 0.006) .tDCS Sham-

Test for subgroup differences: Chi* = 2.50, df = 3 (P = 0.47), IF = 0%

Figure 9. Forest plot of the results of a random-effects meta-analysis shown as SMD, with 95%
confidence interval (CI) for the comparison of pain intensity in the tDCS group and the control
group. The shaded square represents the point estimate for each individual study and the weight
of the study in the meta-analysis. The diamond represents the overall mean difference of the
studies [5,19,40,43,46,47,56].
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tDCS Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
511 M1
Aslaksen et al, 2014(47%) -13.88 4.49 75 -5.82 5.16 75 5.9% -1.64[-2.01,-1.27] +—
Aslaksen et al, 2014(45%) -12.68 3.88 75 -7.81 4.49 75 6.0% -1.15[-1.50, -0.81)
Hamner et al., 2015(14%) -1 077 15 -0.55 0.39 15 4.4% -0.72 [-1.46, 0.02]
Yao et al., 2021 (inmediate) -0.5 1.0 50 0.21 1.06 50 5.8% -0.66 [-1.07, -0.26]
Yao et al., 2021 (30 min post) -0.35 1.2 50 0.14 1.2 50 5.8% -0.41[-0.80, -0.01)
Hamner et al., 2015(7%) -1 087 15 -0.65 0.77 15 4.5% -0.39[-1.11, 0.33] S R
Garcia et al,, 2021 Cold -0.84 0.83 21 -0.52 1.06 21 4.9% -0.33 [-0.94, 0.28] - 1
Aslaksen et al., 2014(43°) -5.49 3.7 75 -5.01 3.27 75 6.1%  -0.14 [-0.46, 0.18] i
Brasil et al., 2020M1 0.11  1.82 30 0.3 1.69 30 5.4% -0.11 [-0.61, 0.40] I E—
Gurdiel-Alvarez et al., 2021 -5.61 18.63 30 -4.07 21.4 30 5.4% -0.08 [-0.58, 0.43] B E—
Garcia et al., 2021 Heat -0.37  0.93 21 -0.39 0.86 21 5.0% 0.02 [-0.58, 0.63] —
Braulio et al., 2018 -0.08 164 12 -0.25 1.55 12 4.2% 0.10 [-0.70, 0.90] —
Braulio et al., 2018 {10 min post) =0.75 1.59 12 -1 1.7 12 4.2% 0.15 [-0.65, 0.95] -
Braulio et al., 2018 (15 min post) -1.18 1.56 12 -1.58 1.79 12 4.2% 0.23 [-0.57, 1.03] —
Hamner et al., 2015(0°) 0.2 0.97 15 -0.3 1.16 15 4.5% 0.45 [-0.27, 1.18] —
Subtotal (95% CI) 508 508 76.1% -0.35[-0.67, -0.04] i

Heterogeneity: Tau® = 0.30; Chi* = 78.66, df = 14 (P < 0.00001); I* = 82%
Test for overall effect: Z = 2.18 (P = 0.03)

5.1.2 DLPFC

Brasil et al., 2020 DLPFC 0.3 1.82 30 02 191 30 5.4% 0.05 [-0.45, 0.56] I
Subtotal (95% CI) 30 30 5.4%  0.05[-0.45, 0.56] ———
Heterogeneity: Not applicable

Test for overall effect: Z = 0.20 (P = 0.84)

5.1.3 M1 and DLPFC

Henriques et al., 2019 -2 149 10 0 1.49 10 3.5% -129[-2.27,-030) +——777 77—

Gurdiel-Alvarez et al., 2021 -0.91 18.15 30 -4.07 21.4 30 5.4% 0.16 [-0.35, 0.66] —
Subtotal (95% CI) 40 40 B.9%  -0.50[-1.91,0.91] =—————

Heterogeneity: Tau® = 0.88; Chi® = 6.54, df = 1 (P = 0.01); I = 85%
Test for overall effect: Z = 0.70 (P = 0.49)

5.1.4 50

Garcia et al., 2021 Cold -0.76 0.88 19 -0.16 1.05 19  4.8% -0.61[-1.26, 0.05] —
Garcia et al., 2021 Heat -036 09 19 -0.16 0.93 19  4.8%  -0.21[-0.85, 0.42] —_—
Subtotal (95% CI) 38 38 96% -0.41[-0.86, 0.05]

Heterogeneity: Tau® = 0.00; Chi* = 0.71, df = 1 (P = 0.40); I = 0%
Test for overall effect: Z = 1.74 (P = 0.08)

Total (95% CI) 616 616 100.0% -0.34 [-0.61, -0.08] -
Heterogeneity: Tau® = 0.27; Chi* = 92.43, df = 19 (P < 0.00001); I = 79% t
Test for overall effect: Z = 2.53 (P = 0.01)

Test for subgroup differences: Chi* = 2.24, df = 3 (P = 0.52), I’ = 0%

5 0.5
tDCS Sham

Figure 10. Forest plot of the results of a random-effects meta-analysis shown as SMD, with 95%
confidence interval (CI) for the comparison of pain intensity in the a-tDCS group and the control
group. The shaded square represents the point estimate for each individual study and the weight
of the study in the meta-analysis. The diamond represents the overall mean difference of the
studies [5,19,20,40,43,46,56].

4. Discussion

In this systematic review with meta-analysis, we observed varying effects of tDCS
on pain thresholds, as measured by QST, and on pain intensity. For increasing PPTs,
only S1 a-tDCS with limited evidence according to the GRADE assessment, was found
effective compared to sham stimulation. In the case of CPTs, improvements were supported
by low-level evidence for a-tDCS, particularly when applied to DLPFC. However, tDCS
appeared less effective than sham for increasing HPTs, backed by very limited evidence.
A marginal evidence level also suggests that tDCS might surpass sham stimulation in
alleviating evoked pain intensity, especially with M1 stimulation.

Previous meta-analyses identified a modulatory effect of tDCS on increasing pain
thresholds, but without differentiating among pain modalities [53,58]. A recent meta-
analysis reported reduced evoked pain intensity following tDCS, but no impact on electrical,
heat, cold, or pressure pain thresholds [59].

Our meta-analysis showed increased PPTs specifically after a-tDCS over S1, influenced
largely by studies from Vaseghi et al. [60]. Notably, only one other study using a lower
current density on S1 (0.1 mA/cm? vs. 0.028 mA /cm?) found no PPT effects [45], aligning
with other research showing no significant difference from sham [59]. While S1’s role in
encoding pain location and intensity makes it a plausible target for modulating PPTs [61],
more studies are needed to confirm this.

Regarding CPTs, a-tDCS showed effectiveness over sham stimulation, especially when
applied to DLPFC. However, it must be considered that these had moderate to high risk of
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bias. Comparably, transcranial magnetic stimulation over DLPFC has shown similar CPT
effects [62,63]. While a-tDCS has been shown to increase cortical excitability after anode
stimulation [1], high-frequency transcranial magnetic stimulation produces a depolarization
of neurons on the targeted cortical region and a subsequent increase in excitability [64].
Hence, it could be a parallel effect between the two types of stimulation. Some studies,
however, reported no CPT change after a-tDCS or anodic HD-tDCS on DLPFC [22,43]. In
these studies, the CPT was measured using cold-water hand immersion and registering
time until first sensation of pain. This kind of tonic cold pain stimulus differs from the
phasic cold pain stimulus used in the QST, which might explain the variance.

A-tDCS appears to reduce evoked pain intensity in healthy subjects, particularly over
M1 as seen in another meta-analysis [60]. Previous studies applying a-tDCS over M1 or
M1+DLPFC have found no effect on evoked pain intensity when using phasic mechanical or
heat noxious stimulation [21,55]. When using tonic noxious stimulation to evoke pain, a-tDCS
over M1 was able to reduce pain intensity without affecting HPTs [40,46]. Nevertheless, in
both studies, the effect on pain intensity seemed dependent on the intensity and modality of
the noxious stimulus. For noxious heat stimulation, a-tDCS seemed more effective in reducing
evoked pain intensity at higher temperatures (47 °C vs. 4345 °C) [40], whereas for a tonic
noxious cold stimulus, the effect was only seen at higher temperatures (14 °C vs. 0-7 °C) [46].
There might be differences in the processing of tonic and phasic noxious stimuli, where
tonic stimulation elicits more unpleasantness and tends to have a more emotional processing
component than phasic stimulation [65]. Moreover, tDCS over M1 elicits activity changes in
the anterior cingulate cortex, basal ganglia, or insula [66,67], which are considered to play a
role in affective pain processing [68-71]. Therefore, the greater effect of a-tDCS in reducing
the intensity of pain evoked by noxious tonic stimuli versus noxious phasic stimuli may be
due to its effect on these emotional pain processing networks. Future studies should evaluate
how tDCS differently affects evoked pain intensity of different modalities and intensities of
noxious stimulation.

Limitations

There are several limitations to be considered in the interpretation of the results. Firstly,
data inclusion from all the studies was incomplete due to non-responses from authors. Sec-
ondly, although the majority of the included studies were of “good” methodological quality,
most of them presented methodological issues, such as inadequate reporting of randomization
and blinding protocols. The heterogeneity among studies, especially in the effects on HPTs
and pain and the short-term focus of measurements, should be considered, emphasizing
the need for longer-term studies. Future research should apply these findings to various
pathologies, especially those involving central sensitization processes or chronic pain.

5. Conclusions

Our findings suggest that, depending on the stimulation “s polarity and site, tDCS can
modulate PPTs, CPTs, and evoked pain intensity by tonic nociceptive stimuli in healthy
subjects. There is very limited evidence for the effects of S1 a-tDCS on PPTs and M1 a-tDCS
on evoked pain intensity. DLPFC a-tDCS shows low-level evidence in influencing CPTs.
Lastly, there is minimal evidence that M1 or M1+DLPFC a-tDCS are less effective than
sham stimulation in increasing HPTs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/brainscil4010009/s1, S1: Search Strategy; Table S1: GRADE; Figure S2:
Funnel plot of tDCS vs. sham tDCS studies evaluating PPT; Figure S3: Funnel plot of tDCS vs. sham
tDCS studies evaluating HPT; Figure S4: Funnel plot of tDCS vs. sham tDCS studies evaluating CPT;
Figure S5: Funnel plot of tDCS vs. sham tDCS studies evaluating pain intensity.
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