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Cortical excitability and analgesic
effects of multisite transcranial
direct current stimulation targeting
the motor cortex and cerebellum in
fibromyalgia
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This double-blind, sham-controlled randomized clinical trial investigated whether a single session

of anodal-(a) transcranial direct current stimulation (tDCS), applied over the primary motor cortex
(M1), cerebellum (CB), or both, would reduce pain and increase corticospinal excitability more
effectively than sham stimulation (s-tDCS). Ninety-two women with fibromyalgia were randomized
to a single session of anodal-(a)-tDCS or sham-(s)-tDCS. Primary outcomes were pain intensity,
assessed with the Numerical Pain Scale (NPS), and corticospinal excitability, measured by motor
evoked potentials (MEP). Compared to sham, a-tDCS significantly reduced NPS scores (Wald x? =
7.02, df=1, p<0.01; d=0.55, 95% Cl 0.08-0.92) and increased MEP amplitude (Wald x* = 8.37, df=1,
p<0.01; d=0.48, 95% Cl 0.07-0.89). Post-hoc and interaction analyses indicated that these effects
were primarily attributable to M1 stimulation, rather than cerebellar or combined protocols. Anodal
tDCS also reduced multidimensional pain interference, as measured by the Brief Pain Inventory (BPI),
and reduced the cortical silent period (CSP) in a BDNF-dependent manner. These findings provide
mechanistic insights rather than clinical efficacy, showing that a single M1 a-tDCS session—compared
to sham, cerebellar, or combined protocols—more effectively reduced pain intensity and interference
and modulated cortical excitability in a BDNF-dependent manner.

Trial registration: ClinicalTrials.gov. NCT05963321. URL https://clinicaltrials.gov/study/NCT05963321
(Date of registration 27/07/2023).
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Fibromyalgia, with an estimated global prevalence of approximately 2.7% and a female-to-male ratio of 3:1,
represents a significant healthcare challenge!. It is characterized by widespread chronic musculoskeletal pain,
frequently accompanied by fatigue, sleep disturbances, and cognitive impairment?. Although pharmacological
options such as duloxetine — a selective serotonin and norepinephrine reuptake inhibitor—are approved for
the treatment of fibromyalgia, more than 70% of patients discontinue use due to limited therapeutic efficacy
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or adverse side effects®. At the same time, the frequent and inappropriate use of opioids persists despite
clinical guidelines advising against it, which worsens the clinical picture and exposes patients to risks such as
hyperalgesia, dependence, and increased morbidity and mortality*. In this context, there is growing interest in
evidence-based non-pharmacological therapies, among which transcranial direct current stimulation (tDCS)
has emerged as a promising approach®~”. The tDCS delivers low-intensity electrical currents to modulate cortical
excitability and neuroplasticity, thereby influencing sensory processing and nociceptive thresholds®.

The effects of tDCS on pain perception and cognitive function have also been linked to baseline brain
plasticity, which can be indirectly assessed by serum levels of brain-derived neurotrophic factor (BDNF)*!°. In
fibromyalgia, circulating BDNF levels are elevated compared to healthy controls. Since 70-80% of peripheral
BDNF originates in the CNS and crosses the blood-brain barrier!!~!%, BDNF has been proposed as a biomarker
of altered neuroplasticity and associated with clinical response to tDCS in pain conditions'*!>. However, findings
remain heterogeneous, and the extent to which peripheral BDNF reflects central mechanisms is still debated.

Among the most targeted brain regions in tDCS protocols for fibromyalgia are the primary motor cortex (M1)
and the dorsolateral prefrontal cortex (DLPFC)®. In this condition, evidence from systematic reviews and meta-
analyses supports the efficacy of tDCS in modulating pain intensity and reducing pain-related disability>711°,
The cerebellum has emerged as a potential target for pain modulation due to its role in sensory-motor integration
and regulation of responses to noxious stimuli. In healthy individuals, ctDCS has been shown to increase pain
thresholds'®, and Bocci et al. reported reductions in pain and improvements in sensory symptoms in patients
with phantom limb pain!’. These findings suggest that cerebellar stimulation may influence pain perception
through descending projections that modulate brainstem nuclei and thalamic structures involved in nociceptive
processing'®. The proposed mechanism involves the convergence of nociceptive signals on Purkinje cells in the
cerebellar cortex, which, when modulated by tDCS, may alter pain transmission via cerebello-thalamo-cortical
pathways!®. Taken together, these anatomical and functional connections reinforce the cerebellum’s potential as
a neuromodulatory target in chronic pain syndromes.

Multisite tDCS protocols have been proposed to enhance clinical outcomes in chronic pain by simultaneously
targeting distinct cortical regions. In fibromyalgia, systematic reviews and meta-analyses consistently demonstrate
significant benefits of tDCS applied over M1 and DLPFC, with some evidence suggesting greater effects for M1
stimulation®>71520, Despite these findings, a therapeutic gap persists. The heterogeneous symptom profile of
fibromyalgia indicates that additional strategies—capable of modulating multiple neural circuits concurrently—
may be required to optimize outcomes. Within this framework, extending multisite approaches to include the
cerebellum, given its established role in pain modulation and cortical excitability, represents a promising avenue
to augment and sustain the effects of tDCS. To date, however, no randomized controlled trials have tested this
combination in fibromyalgia, highlighting its relevance as an unexplored therapeutic strategy.

A key point in this context is that motor evoked potentials (MEPs) have been linked to tDCS-induced
modulation of pain pathways and are considered neurophysiological markers of treatment response?!. However,
MEPs primarily reflect corticospinal integrity and excitability, thus capturing only one dimension of cortical
activity. Complementary measures such as short-interval intracortical inhibition (SICI) and cortical silent
period (CSP) probe inhibitory and facilitatory circuits within the motor cortex, which are critically involved in
pain modulation?*?3. Evaluating MEPs alongside SICI and CSP can therefore provide a more comprehensive
mechanistic understanding of how neuromodulatory interventions translate into clinical analgesia.

This study aimed to investigate the mechanistic effects of site-specific anodal tDCS (a-tDCS) on corticospinal
excitability and pain perception in fibromyalgia, in which participants received a single session of a-tDCS over
the right cerebellum (CB), M1, or both, compared to sham (s-tDCS). Primary outcomes were pain intensity,
assessed by the Numerical Pain Scale (NPS), and corticospinal excitability, measured by MEPs. Secondary
outcomes included pain interference and pain severity, assessed by the Brief Pain Inventory (BPI) over a
two-week follow-up, and intracortical inhibition, measured via SICI and CSP. We further examined whether
baseline neuroplasticity, indexed by serum BDNE, predicted analgesic response and whether stimulation site
modulated intracortical inhibitory mechanisms. We hypothesized that anodal tDCS, particularly when applied
simultaneously over M1 and the cerebellum would lead to greater pain reduction and enhanced modulation of
corticospinal excitability compared to sham.

Results

Demographic and clinical characteristics of the subjects

Of the 111 patients screened, 19 did not meet the inclusion criteria. Of the 92 participants randomized, one
was excluded before statistical analysis due to a device programming error. Therefore, data from 91 participants
were considered in the final dataset. One participant was lost to follow-up but contributed complete data
for the primary outcome and was included in that endpoint analysis only. Groups were well-balanced after
randomization (Fig. 1). Sample characteristics are shown in Table 1.

Primary outcomes

Effects of tDCS by intervention group and site-specific stimulation on NPS

A Generalized Linear Model (GLM) revealed that a-tDCS vs. s-tDCS reduced the NPS scores (Wald 2 = 7.02,
Df=1, P<0.01). The delta (A) value is presented in Fig. 2 (Panel A). The magnitude of effect size (ES) was
moderate (d=0.5, 95% CI 0.08-0.92). We found no significant difference in delta values (A-NPS, 0-10) among
stimulation sites (Wald x? = 0.40, Df=2, P<0.82). These results are shown in Fig. 2 (Panel B).

A GLM revealed that a-tDCS vs. s-tDCS reduced the pain intensity on NPS (0-10) during the cold pressure test
(CPT) (Wald 2 = 3.91, df=1, p=0.04). The magnitude of ES was moderate (d=0.43, 95% CI 0.16 to 0.83). These
results are presented in Fig. 3 (Panel A). In addition, it revealed a significant interaction between stimulation site
and intervention type (a-tDCS vs. s-tDCS) on ANPS during CPT (Wald x* = 6.87, df=2, p=0.03).
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Fig. 1. CONSORT participant flow.

The analysis compared a-tDCS vs. s-tDCS with site-specific (M1, cerebellum, and combined M1 + cerebellum),
revealing a significant main effect on NPS (0-10) specifically over M1 (Wald x? = 6.95, df=2, p=0.03). These
results are shown in Fig. 3 (Panel B).

Effects of tDCS by intervention group and site-specific stimulation on MEP
A GLM revealed that a-tDCS, compared to s-tDCS, significantly increased MEP amplitude (Wald x? = 8.37,
df=1, p<0.01), with a moderate effect size of (d=0.48, 95% CI 0.07-0.89). These results are presented in Fig. 4
(Panel A). Furthermore, a-tDCS versus s-tDCS produced a significantly larger increase in M1 excitability (Wald
X2 = 6.76, df =2, p=0.03).

The analysis compared a-tDCS vs. s-tDCS with site-specific (M1, cerebellum, and combined M1 + cerebellum)
revealed a significant main effect on AMEP specifically over M1 (Wald x? = 9.56, df=3, p=0.02). These results
are shown in Fig. 4 (Panel B).

Secondary outcomes
Effects of tDCS by intervention group and site-specific stimulation on the multidimensional pain interference
index
A linear regression model was used to adjust the serum BDNF index. Higher age was associated with lower
BDNF levels (B =-0.61,95% CI: -0.89 to -0.32, p < 0.01), while a greater number of antidepressants was associated
with higher BDNF levels (B=5.51, 95% CI: -0.27 to 10.77, p=0.03).

A linear mixed model (LMM) analysis showed a significant reduction in pain interference (MPII) for a-tDCS
compared to s-tDCS across treatment and follow-up, with a main effect of time but no treatment-by-time
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a-tDCS CB + a-tDCS CB + s-tDCS CB + s-tDCS CB + -

Characteristics All samples (n=91) | a-tDCS M1 (n=22) | s-tDCS M1 (n=23) | a-tDCS M1 (n=23) | s-tDCS M1 (n=23) | value
Age (years) 47.31 (9.89) 46.5 (9.4) 46.9 (11.4) 48.8 (8.8) 47.7 (10.3) 0.87
Body mass index (kg/m?) 29.46 (5.65) 29 (5.0) 28.9 (6.8) 30.7 (5.1) 29 (5.7) 0.43
Formal education (years) 13.86 (3.17) 13.8 (3.5) 13.6 (3.04) 13.8 (3.1) 14.3 (3.1) 0.60
Smoking (yes) ) 7 (7.69) 2(28.6) 1(14.3) 1(14.3) 3 (42.9) 0.63
Alcohol use (yes) 21(23.07) 5(23.8) 3(14.3) 6 (28.6) 7(33.3) 0.55
Psychiatric disorder (yes) ** 45 (49.45) 9(20) 10 (22.2) 15(33.3) 11 (24.4) 0.35
Anxiety disorder 18 (19.78) 3(16.6) 6(33.3) 4(22.2) 5(27.7) 0.74
Major depression disorder 21 (23.08) 4(19) 4(19) 8(38.1) 5(23.8) 0.47
Panic disorder 12 (13.19) 1(8.3) 4(33.3) 5(41.7) 2(16.7) 0.30
Other 14 (15.38) 3(21.4) 1(7.1) 4 (28.6) 6(42.9) 0.26
Analgesic medication use (yes)" 19 (20.88) 6(31.6) 3(15.8) 4(21.1) 6(31.6) 0.58
Opioid analgesic 13 (14.28) 5(38.5) 4(30.8) 4(30.8) 0 (0) 0.14
Analgesic non-opioid 19 (20.88) 6(31.6) 3(15.8) 4(21.1) 6(31.6) 0.62
Anti-inflammatory drugs 8(8.79) 3(37.5) 1(12.5) 1(12.5) 3(37.5) 0.56
Psychotropic medication use (yes)™ 20 (21.98) 5(25.0) 5(25.0) 8 (40.0) 2(10.0) 0.20
Selective serotonin reuptake inhibitor | 3 (3.30) 2 (66.7) 0(0) 1(33.3) 0(0)

Duloxetine 3(3.30) 1(33.3) 0(0) 2 (66.7) 0(0)

Tricyclic antidepressant 7 (7.69) 2 (28.6) 4(57.1) 1(14.3) 0(0)

Antipsychotic 8(8.79) 3(37.5) 1(12.5) 2(25) 2 (25)

Pregabalin 3(3.30) 0(0) 0(0) 3 (100) 0(0)

Gabapentin 2(2.20) 1 (50) 0(0) 1(50) 0(0)
History of chronic disease (yes)*" 23(25.27) 6(26.1) 5(21.7) 8(34.8) 4(17.4) 0.56
Hypertension 4 (4.39) 1(25) 0(0) 2 (50) 1(25)

Diabetes 5 (5.49) 1(20) 1(20) 2 (40) 1(20)

Asthma 4(4.39) 1(25) 2 (50) 1(25) 0(0)

Headache 6 (6.59) 1(16.6) 1(16.6) 2(33.3) 2(33.3)

Hypothyroidism 4 (4.39) 2 (50) 1(25) 1(25) 0(0)
ACR

Widespread Pain Index 9.78 (3.85) 10.2 (3.1) 9.2 (4.1) 10.3 (4.1) 9.4(3.9) 0.51
Severity Symptoms Scale 9.00 (2.05) 8.6(2.2) 9.0 (1.9) 9.3(2.3) 9.1(1.7) 0.53
Assessment of Central Sensitization, Sleep Quality, Psychological Status, and Pain Disability

Central sensitization inventory 66.2 (15.67) 63.1 (15.8) 68 (15.7) 69.4 (15.1) 64.2 (15.2) 0.47
Beck depression inventory-II 27.5(11.68) 28.3 (11.5) 29 (12.6) 26.4 (11.1) 26.1(11.2) 0.80
Pittsburgh sleep quality index 14.1 (4.14) 16.5 (4.4) 13.0 (4.1) 13.6 (4.1) 13.1 (2.7) 0.56
Pain catastrophizing scale 28.9 (14.41) 12.0 (4.34) 35.4(12.2) 35.5(11.9) 32.5(11.7) 0.77
The fibromyalgia impact questionnaire | 72.7 (15.71) 71.6 (14.8) 73.9(16.2) 73.8 (16.6) 71.8 (15) 0.93
Brief Pain Inventory Short Form

Pain intensity 6.40 (1.77) 5.9(1.5) 7.0 (1.5) 6.5(2.1) 6.1(1.8) 0.06
Pain interference 6.53 (2.35) 5.8(2.7) 6.8(2.1) 6.8 (2.4) 6.9 (2.1) 0.34
BDNF 381 (280.27) 369 (334) 433 (266) 354 (245) 368 (261) 0.48

Table 1. Epidemiological and clinical characteristics at baseline, according to the treatment group, values

are given as the mean (SD) or frequency (1 = 91). *Patients could have one or more diagnoses of psychiatric
disorders and a history of chronic disease. "Analgesic medication and other psychotropics could have none or
more than one of them. * Dichotomous variables were expressed as frequencies. Brain-derived neurotrophic

factor (BDNF).

interaction (Table 2). Over two weeks of follow-up, the stimulation effect corresponded to a small effect size
(d=0.30). A total of 21.7% of participants receiving a-tDCS achieved >30% reduction on MPII, compared with
8.7% in the s-tDCS group, resulting in an absolute risk reduction of 13% and a number needed to stimulate
(NNT-S) of 7.7 (95% CI: 3.6 — ). In the continuous analysis, the difference between groups reached statistical
significance; however, when responder rates were analyzed as a dichotomous variable (= 30% reduction on MPII),
no significant difference was observed between groups. Despite the lack of a clinically meaningful difference,
exploratory interaction analysis revealed that higher adjusted BDNF levels were associated with greater effects

of a-tDCS.
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Fig. 2. (A) ANPS (0-10) values by intervention group. Bars represent the mean change in pain intensity from
baseline, with 95% confidence intervals. Both groups exhibited significant pain reduction, with the a-tDCS
(active stimulation) group showing a greater reduction compared to the M1 + CB-S-tDCS (sham stimulation)
group (p < 0.05), as indicated by the asterisk. (B) ANPS values by stimulation site. Bars represent the mean
change in NPS from baseline, with 95% confidence intervals.

In contrast, no significant difference was observed between groups in the mean pain intensity over the last
24 h (BPI severity index) across treatment and follow-up. There was no main effect of time or treatment-by-time
interaction. Additionally, BDNF levels were not associated with the analgesic effect of a-tDCS on this outcome.

Effects of tDCS by intervention group and site-specific stimulation on the intra-cortical Inhibition

Table 3 presents the effects of the intervention on measures of cortical inhibition. The a-tDCS significantly
reduced the CSP compared to sham stimulation. Higher baseline BDNF levels were associated with longer CSP.
In addition, the a-tDCS effect was larger when the BDNF index was higher, indicating that the modulation of
intracortical inhibition was neuroplasticity state-dependent.

There was no significant effect of active stimulation on SICI, nor any association with the adjusted BDNF
index. No significant interaction was observed between intervention and BDNE Stimulation of M1, either
alone or combined with cerebellar stimulation, resulted in greater modulation of SICI compared to cerebellar
stimulation alone.

Assessment of adverse events

The most common effects reported across all groups were itching (n=44), burning (1 =43), tingling (n=38), and
redness (n=30). Although most participants reported these side effects as mild, a few individuals in the group
receiving a-tDCS over the CB reported some symptoms as severe, including tingling (n=1), itching (n=2), and
drowsiness (n=1). Group differences in the frequency and severity of adverse effects were analyzed using chi-
square tests, and no statistically significant differences in adverse effects were observed between groups (Table 4).
Importantly, no serious adverse events were reported, and all side effects were transient and self-limiting.

Discussion

This study demonstrated that a single session of a-tDCS over the left M1, compared with sham, produced
immediate effects on pain intensity and tolerance, as well as a modest but sustained reduction in pain
interference (MPII) lasting up to two weeks. These effects, together with increased corticospinal excitability
measured by MEP, were specific to M1 stimulation, and higher baseline BDNF index levels were associated with
greater reductions in CSP and MPII. Although our initial hypothesis of synergistic effects from combined M1-
CB stimulation was not confirmed, the findings provide mechanistic insights into how site-specific protocols
may differentially influence pain modulation and cortical excitability. The novelty of this study lies in being the
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Fig. 3. The bars represent estimated means derived from simulated data reflecting the observed group means
and 95% confidence intervals from the original dataset. A General Linear Model (GLM) was used to compare
differences across groups. (A) ANPS (0-10) values during the CPT, comparing a-tDCS and M1 + CB-S-tDCS
interventions. An asterisk (*) above the a-tDCS M1 bar indicates a statistically significant difference compared
to the M1 + CB-S-tDCS group (p < 0.05). No other pairwise comparisons reached statistical significance. (B)
ANPS values by stimulation site. Bars represent the mean change from baseline with 95% confidence intervals.

first clinical trial to directly compare cerebellar, M1, and combined stimulation in fibromyalgia, highlighting that
dual-site approaches do not necessarily enhance efficacy and may, depending on the circuits engaged, attenuate
or even oppose the expected effects. Differences from previous studies, which showed cerebellar modulation of
nociceptive processing and corticospinal excitability in healthy participants'® and patients with phantom limb
pain'’, may be explained by methodological and population-specific factors.

A single session of a-tDCS over the left M1 produced an immediate reduction in pain intensity (NPS
0-10) and during the CPT, compared with sham stimulation. This effect was likely transient, consistent with
evidence that sustained benefits of electrical stimulation require repeated sessions?!. In contrast, when tDCS
was applied simultaneously over the left M1 and cerebellum, no such effect was observed, suggesting that
cerebellar modulation may attenuate the excitatory drive of M1. This supports the hypothesis that excitatory
input from M1 enhances cortical excitability and descending inhibition, which may be competitively reduced by
concurrent cerebellar stimulation. In addition, M1 stimulation produced a modest but longer-lasting reduction
in pain interference (MPII) with a small effect size (ES = 0.3). Although statistically significant, this change
did not reach the minimum clinically important difference recommended by the Methods, Measurement, and
Pain Assessment in Clinical Trials (IMMPACT) initiative?>. Nonetheless, the MPII improvement highlights
the added value of multidimensional outcomes for capturing the broader impact of pain, suggesting that M1
stimulation may primarily modulate pain, and since the BPI interference index captures the impact of pain
on other domains, secondary effects were also observed in functional and affective aspects such as activity,
mood, and sleep?*?. It is important to emphasize that the MPII reduction was site-specific, observed only with
M1 stimulation and not with cerebellar or combined protocols, indicating no synergistic effect. These findings
align with previous evidence that a single tDCS session is insufficient to induce clinically meaningful benefits*,
whereas repeated sessions have been shown to produce significant improvements in fibromyalgia, neuropathic
pain, and burn-related pain?’~%, a finding further supported by randomized trials and systematic reviews”!>0.

In line with the effects of M1 stimulation on pain measures, anodal tDCS over the left M1—compared
with sham—increased corticospinal excitability, as evidenced by greater MEP amplitudes. This finding reflects
enhanced cortico-cortical excitability, consistent with reports in healthy individuals and in patients with
fibromyalgia®"*2, and may result from reversal of maladaptive plasticity and increased synaptic responsiveness
induced by a-tDCS*. In contrast, simultaneous stimulation of M1 and the cerebellum attenuated this effect™.
Although the magnitude of MEP changes was moderate, the consistent pattern suggests an antagonistic
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Fig. 4. (A) AMEP according to intervention (a-tDCS vs. M1 + CB-S-tDCS). Bars represent the mean change
in MEP from baseline, with 95% confidence intervals. The a-tDCS group (active transcranial direct current
stimulation) showed a statistically significant increase in MEP (p < 0.05), as indicated by the asterisk. (B)
AMEP according to stimulation site and intervention group. Bars represent the mean change in MEP from
baseline, with 95% confidence intervals. The a-tDCS group (active stimulation) is shown in orange, and the
M1 + CB-S-tDCS group (sham stimulation) in green. A significant increase in MEP was observed only in the
a-tDCS group targeting M1 (p < 0.05), as indicated by the asterisk.

interaction between the two stimulation sites. Such antagonism may arise from the inhibitory influence of
cerebellar tDCS on motor cortical excitability via cerebellum-thalamus—cortical pathways, in which Purkinje
cell activity suppresses dentate nucleus output, thereby reducing thalamic and ultimately M1 excitatory drive®.
Additionally, Summers et al. (2018) proposed that ctDCS applied concurrently with motor training may alter
the receptive state of CB-M1 circuits and modify the recruitment of neuronal populations engaged by tDCS*.
Another relevant finding was the reduction in CSP duration following a-tDCS, accompanied by modulation
of intracortical inhibition. These effects, observed with both M1 and combined M1-CB stimulation compared
with sham, complement the changes in corticospinal excitability and highlight the dual action of a-tDCS on
excitatory and inhibitory mechanisms. The CSP reduction may reflect decreased GABAergic tone within M1, as
CSP duration is a recognized marker of GABAergic inhibitory activity. This finding supports the hypothesis of
an altered excitatory/inhibitory balance in fibromyalgia, potentially involving dysfunction of both glutamatergic
and GABAergic systems®. Although cortical hyperexcitability is consistently described as a hallmark of chronic

Scientific Reports |

(2025) 15:37067 | https://doi.org/10.1038/s41598-025-20769-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.

com/scientificreports/

‘ Mean (SD) before (B) treatment | Mean (SD) after (A) treatment | A-value (A-B) ‘ Estimate ‘ SEM ‘ P-value ‘ CI (95%) ES
BPI-multidimensional pain interference index
Intercept 7.16 1.52 | 0.00 (4.18 t0 10.51)
a-tDCS 6.43(2.24) 5.08 (2.84) ~132(255) |-492 |178 |0.00 (- 8.48 to — 1.39) | 0.30
s-tDCS 6.85(2.12) 6.03 (1.72) —-0.78 (1.81) ( Reference
Stimulation site
a-tDCS CB + M1 | 6.78 (2.51) 5.20 (2.15) ~158(2.76) |-021 |042 |0.61 (-1.04t00.61) |-
a-tDCS M1 5.89 (2.48) 4.29 (0.92) -1.59(2.79) -1.12 0.43 |0.01 (- 1.97 to - 0.27)
a-Tdcs CB 6.58 (2.56) 5.63 (2.72) - 0.95 (2.56) -0.32 0.43 |0.59 (1.47 t0 0.83) -
s-tDCS M1+ CB | 6.54 (2.340 6.03 (1.72) —0.78 (1.81) | 0 Reference
Adjusted BDNF index -0.03 0.03 |0.29 -0.10t0 0.03 -
Interaction analysis
a-tDCS* Adjusted BDNF index/ s-tDCS* Adjusted BDNF index ‘ 0.11 ‘ 0.04 ‘ 0.00 ‘ 0.03 10 0.19
Main effect: F=4.44 ; P-0.03; Time: F=4.11 ; P<0.01; Time vs. intervention: F=0.32; P=0.72
BPI-Pain severity at last 24 h
Intercept 5.60 1.21 |0.00 (3.21to 8.00)
a-tDCS 5.03(1.99) 5.02 (2.04) 0.02 —0.41 143 |0.77 (-3.25t0242) |-
s-tDCS 5.12 (1.84) 5.00 (1.49) 0.12 ( Reference
Stimulation site
a-tDCS CB + M1 | 5.26 (1.70) 5.40 (1.79) 0.15 (1.80) 0.26 035 |0.99 (- 0.66t01.20) |-
a-tDCS M1 4.88 (2.26) 4.76 (2.02) -0.12 (2.00) -0.25 0.36 |0.89 (- 1.20 t0 0.70) -
a-tDCS CB 4.94 (2.04) 4.73 (2.26) -0.20 (2.03) -0.38 0.34 [0.92 (- 1.30 t0 0.53)
s-tDCS M1+ CB | 5.05 (1.94) 4.86 (1.92) ~0.19(1.98) | 0 Reference
Adjusted BDNF index -0.02 0.03 |0.36 (- 0.08 to 0.02) -
Interaction analysis
a-tDCS* Adjusted BDNF index/ s-tDCS* Adjusted BDNF index ‘ 0.03 ‘ 0.03 ‘ 0.35 ‘ (- 0.03 t0 0.09)
Main effect: F=0.18 ; P = 0.66; Time: F=0.28 ; P = 0.75; Time vs. intervention: F=0.56; P=0.57

Table 2. Linear mixed model (LMM) analysis of the intervention groups (a-tDCS vs. s-tDCS) on MPII and
BPI pain severity, including interactions with time and the adjusted BDNF index (n = 92). a-tDCS anodal
transcranial direct current stimulation, s-tDCS sham stimulation, BDNF brain-derived neurotrophic factor,
SEM standard error of the mean, M1 primary motor cortex, CB cerebellum.

pain disorders®’, increased inhibitory tone in fibromyalgia may represent a compensatory mechanism?*. The
functional significance of these changes remains uncertain, but prolonged CSP has been associated with
impaired inhibitory motor control, such as delayed responses in stop-signal tasks*!. Taken together, the observed
neurophysiological adaptations represent transient markers of altered cortical excitability and inhibition, which
may provide mechanistic insights but should be interpreted with caution when relating to clinical outcomes.

The BDNF index, used as a marker of neuroplasticity state, was positively associated with the effects
of tDCS on both CSP reduction and improvement in pain interference (MPII), as shown in Tables 2 and 3.
This suggests that BDNF levels may influence treatment responsiveness, but they cannot fully account for the
observed effects. Variability in response may also be influenced by genetic factors, particularly the common
Val66Met polymorphism (rs6265), which reduces activity-dependent BDNF secretion?>*3. In fibromyalgia,
this polymorphism has been linked to greater symptom severity and impaired pain inhibitory control*#*5, and
individuals with the Val66Val genotype appear more responsive to neuromodulatory interventions such as tDCS
and repetitive transcranial magnetic stimulation, as reflected by larger changes in motor-evoked potentials*®.

Evidence on BDNF modulation in fibromyalgia, however, remains mixed. Elevated serum BDNF levels have
been associated with symptom severity and altered neurophysiological profiles***’, yet some interventions
demonstrated reduction. For instance, duloxetine decreased BDNF levels in fibromyalgia patients but not in
individuals with nociceptive pain*, and anodal home-based tDCS over the left DLPFC targeting cognitive
symptoms also lowered BDNF¥. Collectively, these findings indicate that although BDNF is a promising
biomarker of neuroplastic potential and treatment responsiveness, its role is complex and shaped by genetic
background, comorbidities such as depression, and the type of intervention applied. Additional non-specific
factors—such as expectations, motivation, clinician—patient interactions, and biological variability—may further
modulate outcomes®®’!. Further studies are needed to elucidate the mechanisms by which BDNF mediates
neuromodulatory effects in chronic pain populations.

The results, while promising, should be interpreted with caution in light of several limitations. First, the
inclusion of only female participants, intended to reduce sex-related variability in cortical excitability™?,
anatomy®?, and descending pain modulation®, may limit generalizability. Second, although randomization
balanced the groups, unmeasured confounding related to medication dose may still have influenced outcomes.
Opioid and antidepressant use were recorded, but the combined effects of these drugs with neuromodulation
can vary according to individual sensitivity and dosage, which were not fully controlled in this trial. Third, the
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Mean (SD)

before (B) Mean (SD) after

treatment (A) treatment A-value (A-B) Beta SEM | CI95% Wald x2 P
Intra-cortical inhibition
a-tDCS 0.51 (0.32) 0.50 (0.35) -0.02(0.32) 0.10 0.005 | (- 0.05 to 0.85) 0.08 0.77
s-tDCS 0.56 (0.0.29) 0.53 (1.02) 0.03 (0.33)reference
Adjusted serum BDNF index 0.004 | 0.007 | (-0.01 to 0.02) 0.27 0.60
Site of stimulation
a-tDCS CB + M1 0.53 (0.27) 0.50 (0.26) -0.05(0.23) -0.03 |0.08 |(-0.13t00.19) 0.01 0.91
a-tDCS M1 0.44 (0.23) 0.39 (0.17) —-0.09 (0.28) -0.05 |0.06 |(-0.08t00.18)
a-tDCS CB 0.58 (0.41) 0.64 (0.51) 0.12 (0.39) 0.06 0.15 | (= 0.35t0 0.23)
s-tDCS M1+ CB 0.53(0.29) 0.52(0.31) 0.01 (0.33) reference
Main effect of intervention: Wald x2=6.90; Df=2; P=0.03
Cortical salient period
a-tDCS 125.63 (40.25) | 121.67 (33.81) —3.57 (34.65) 27.83 8.66 | (—44.81to—10.85) | 10.32 0.00
s-tDCS 111.29 (25.85) | 129.22 (40.19) 17.93 (27.34;)reference
Adjusted serum BDNF index -0.11 [0.83 | (- 18.50 to 20.46) 0.01 0.92
Site of stimulation
a-tDCS CB + M1 123.92 (33.46) | 121.62 (33.26) —-2.30(27.52) —20.24 | 8.76 |(-27.24t0-3.24) |11.71 <0.01
a-tDCS M1 128.20 (47.20) | 123.61 (46.18) | — 4.59 (25.98) ~22.53 | 843 | (~39.06 to — 6.00)
a-tDCS CB 124.10 (39.15) | 114.74 (29.27) —-9.36 (28.15) —27.30 | 8.77 | (-44.50 to — 10.10)
s-tDCS M1+ CB 111.28 (25.85) | 129.22 (40.36) | 17.94 (27.34) reference

Table 3. Secondary outcomes—effect of treatment on intracortical Inhibition according to intervention
groups. Data are presented as mean =+ standard deviation (SD) from pre- to post-intervention, along with

the mean difference and 95% confidence intervals (CI) (n = 92). a-tDCS anodal transcranial direct current
stimulation, s-tDCS sham stimulation, BDNF brain-derived neurotrophic factor, M1 primary motor cortex, CB

cerebellum.

Severity of symptoms (%)
Group Absent | Mild | Moderate | Severe | P-value
s-tDCS M1+ CB | 43% 48% 9% 0%
a-tDCS CB + M1 | 55% 32% 14% 0%

Itching 0.49
a-tDCS CB 52% 26% 13% 9%
a-tDCS M1 57% 30% 13% 0%
s-tDCS M1+ CB | 43% 52% 4% 0%
a-tDCS CB + M1 | 59% 41% 0% 0%

Burning 0.11
a-tDCS CB 48% 35% 17% 0%
a-tDCS M1 61% 39% 0% 0%
s-tDCS M1+ CB | 65% 35% 0% 0%
a-tDCS CB + M1 | 55% 41% 5% 0%

Tingling 0.78
a-tDCS CB 57% 30% 9% 4%
a-tDCS M1 57% 39% 4% 0%
s-tDCS M1+ CB | 70% 30% 0% 0%
a-tDCS CB + M1 | 68% 27% 5% 0%

Redness 0.38
a-tDCS CB 61% 22% 17% 0%
a-tDCS M1 70% 26% 4% 0%
s-tDCSM1+ CB | 78% 22% 0% 0%
a-tDCS CB + M1 | 77% 18% 5% 0%

Drowsiness 0.69
a-tDCS CB 87% 9% 0% 4%
a-tDCS M1 78.3% | 17.4% | 4.3% 0%

Table 4. Side effects reported during the intervention. Data are presented as percentages (%), with incidence
and severity classified as absent, mild, moderate, or severe (n = 91). a-tDCS anodal transcranial direct current
stimulation, s-tDCS sham stimulation, M1 primary motor cortex, CB cerebellum.
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modest sample size reduced power for secondary and interaction analyses, increasing the risk of type II errors.
Fourth, with respect to adverse events, no serious effects were reported, and no statistically significant group
differences were detected; however, the modest sample size and low event rate may have limited the power to
identify meaningful differences. It is worth noting that some participants in the cerebellar stimulation group
reported transient but severe symptoms (e.g., tingling, itching, drowsiness), which occurred more frequently
than in the M1 group. Although self-limiting, this pattern suggests potential site-specific differences in sensory
pathway modulation between cerebellar and M1 stimulation and underscores the need for further studies to
better characterize the safety profile of ctDCS. Fifth, BDNF is a key mediator of nociceptive plasticity, influencing
dorsal horn excitability®®, descending facilitation®®, and antinociception in the periaqueductal gray®’~>°. In
fibromyalgia, motor cortex disinhibition and impaired descending control are central features, and the BDNF-
adjusted index represents a relevant marker of neuroplasticity state. Interaction analyses showed that higher
baseline BDNF index was associated with longer CSP and greater a-tDCS efficacy, reinforcing its potential as
a mechanistic biomarker of treatment responsiveness. Sixth, in addition, TMS-derived measures (MEP, CSP)
are indirect proxies of excitability and inhibition, reflecting the activity of complex neural circuits rather than
direct cortical function. The absence of benefit with cerebellar stimulation suggests engagement of alternative,
possibly non-canonical pathways that may dampen M1 excitatory effects, consistent with prior evidence of
ctDCS exerting inhibitory modulation®.

Seventh, although blinding was not systematically assessed, it is unlikely to have influenced the results,
since stimulation was delivered using pre-programmed devices set by biomedical engineers, and independent
evaluators—blinded to allocation—conducted screening and baseline assessments. Collectively, these findings
highlight the need for translational research to individualize neuromodulation protocols according to
neurophysiological biomarkers and connectivity profiles, thereby advancing more precise, mechanism-driven
interventions.

In conclusion, a single session of anodal tDCS over M1, but not over the cerebellum or combined MI1-
cerebellar stimulation, reduced pain intensity and interference and increased corticospinal excitability in
fibromyalgia. These BDNF-dependent effects highlight neuroplasticity mechanisms, reinforce M1 as the
primary target, and contribute to understanding the processes underlying tDCS action. They also pave the way
to investigate whether multiple sessions of multisite stimulation can sustain these findings and confirm potential
benefits in sensory system modulation.

Methods

Study design and eligibility

This randomized double-blind, sham-controlled, parallel-group trial was conducted at the Hospital de Clinicas
de Porto Alegre (HCPA). All participant assessments and interventions were performed at the Centro de Pesquisa
Clinica (CPC), the hospital’s Clinical Research Center, which is dedicated to conducting investigator-initiated
and industry-sponsored clinical trials. The protocol was approved by the Research Ethics Committee of the
Hospital de Clinicas de Porto Alegre (IRB HCPA, Approval No. 2022 —0504) and registered at ClinicalTrials.gov
(Identifier: NCT05963321; first posted 27 July 2023; first submitted 26 June 2023). All participants provided both
oral and written informed consent before enrollment, in accordance with the Declaration of Helsinki. The trial
protocol adheres to the CONSORT 2025 guidelines. De-identified data related to the intervention and outcomes
are available upon reasonable request to the corresponding author (wcaumo@hcpa.edu.br). The study began in
June 2023 and data collection was completed in November 2023. All outcome measures, including adverse event
assessments, were completed immediately after the stimulation session. Figure 5 presents the study timeline,
including participant enrollment, randomization, outcome assessments, and determination of the stimulation
site. There was no patient or public involvement in the design, conduct, or reporting of this trial. No important
changes were made to the trial methods, outcomes, or analyses after trial commencement.

Inclusion and exclusion criteria

We included right-handed adult female patients, aged 18 to 65 years, who were able to read and write. Recruitment
was conducted through newspaper advertisements and from a database of individuals previously evaluated at
the pain and neuromodulation laboratory. Patients were included in the study if they met the diagnostic criteria
for fibromyalgia. According to the 2016 American College of Rheumatology (ACR) guidelines, a diagnosis of
fibromyalgia is established when the following three conditions are met: (1) a Widespread Pain Index (WPI)
score>7 and a Symptom Severity (SS) score 2 5, or a WPI score between 3 and 6 accompanied by an SS score > 9;
(2) symptoms have been present for at least three months; and (3) no other medical condition adequately
explains the pain.

In addition, participants were required to report a minimum score of 4 on a 0-10 NPS on most days during
the three months preceding enrollment. It was also a prerequisite that antidepressant and anticonvulsant
medications remained unchanged throughout the study period.

Participants were excluded if they had contraindications to non-invasive brain stimulation®, or a positive
medical history of conditions such as lupus, autoimmune disorders, rheumatoid arthritis, oncological or
neurological diseases, or any uncompensated clinical condition (e.g., ischemic heart disease, renal or hepatic
disease). Furthermore, individuals who had used illicit drugs within the previous six months were not eligible
for inclusion.

Sample size justification

Sample size estimation was performed using G*Power 3.1, applying a GLM to compare two groups (a-tDCS vs.
s-tDCS). A large effect size (Cohen’s f = 0.45) was assumed, considering data from exploratory studies suggesting
meaningful changes in pain intensity and cortical excitability after a single session of tDCS®!. Using a two-tailed
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Fig. 5. Experimental protocol timeline. Baseline questionnaires included the 2016 ACR fibromyalgia

criteria, the Pittsburgh Sleep Quality Index (PSQI), the Beck Depression Inventory-II (BDI-II), the Pain
Catastrophizing Scale (B-PCS), the Brief Pain Inventory (BPI), the Central Sensitization Inventory (CSI), the
Fibromyalgia Impact Questionnaire (FIQ), and the Functional Ability Scale in Chronic Pain. CB, cerebellum;
M1, primary motor cortex; TMS, transcranial magnetic stimulation; NPS, Numerical Pain Scale; QST,
quantitative sensory testing; CPM, conditioned pain modulation; PPT, pressure pain threshold; BPI, Brief Pain
Inventory; BDNE, brain-derived neurotrophic factor.

a = 0.05 and statistical power of 0.80, the required sample size was calculated to be 82 participants (41 per
group). To increase statistical robustness and account for potential dropouts and inter-individual variability,
the sample size was increased by 10%, resulting in a final target of 92 participants. No interim analyses were
conducted, and no stopping guidelines were pre-established for this trial.

Intervention
The intervention consisted of a single session of tDCS, during which the anode electrode was placed over the
CB (right side, with the center of the sponge approximately 3 cm lateral to the inion) and the left M1 (C3),
following the 10-20 system for EEG®2. For dual-site stimulation, two tDCS devices were connected and activated
simultaneously through a single front-panel button, ensuring concurrent initiation of stimulation. Even ifa minor
delay of a few seconds were to occur, such discrepancy would not be expected to influence the neuromodulatory
effects, since the physiological impact of tDCS depends on sustained stimulation over several minutes rather
than second-to-second synchronization. Four stimulation protocols were tested: (1) a-tDCS on both CB and
MI; (2) s-tDCS-CB + a-tDCS-MI; (3) a-tDCS-CB + s-tDCS-M1; and (4) s-tDCS on both CB and M1 (Fig. 6).
In all configurations, the cathode was positioned on the contralateral supraorbital region (Fpl-Fp2).
Stimulation was delivered using a tDCS device developed by the Biomedical Engineering department at HCPA
(ANVISA registration No. 80079190028), with 32 cm? (5x 7 cm) electrodes coated in sponges soaked in 0.9%
saline solution. In the active conditions, the current was characterized by a 30-second ramp-up in intensity
from zero to 2 mA, followed by a 20-minute stimulation period. In the sham protocol, brief stimulation was
applied at three time points—at the beginning, after 10 min, and after 20 min—each consisting of 2 mA for 30s,
with a 20-second ramp-up and ramp-down. This approach was used to mimic the initial sensation of active
stimulation. No current was delivered during the remaining periods of the 20-minute session. All stimulation
sessions were administered by trained research staff who were not involved in outcome assessments, and fidelity
to the protocol was monitored in real-time to ensure consistency across sessions. Participants were instructed to
maintain stable medication regimens during the study period.

Randomization
Ninety-two patients were allocated by simple randomization in a 1:1:1:1 ratio to one of four tDCS protocolos:
(1) a-tDCS on both CB and MI; (2) s-tDCS-CB +a-tDCS-M1; (3) a-tDCS-CB +s-tDCS-M1; and (4) s-tDCS
on both CB and M1. The randomized sequence was generated using appropriate software to prevent allocation
prediction (https://www.sealedenvelope.com). The sequence was created by a researcher not involved in
participant recruitment, intervention, or outcome assessment.

Allocation concealment was ensured using sequentially numbered, opaque, sealed envelopes. Each envelope
was labeled with the participant’s randomization number on the outside and contained the assigned stimulation
condition inside. A designated research staff member, who was not involved in outcome assessment, opened
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Fig. 6. tDCS montage targeting the primary motor cortex (M1) and the contralateral supraorbital area (SO)
using tDCS device 1, and the cerebellum (CB) and contralateral SO using tDCS device 2.

the envelopes in order and programmed the tDCS devices accordingly. Outcome assessors remained blinded to
group allocation throughout the study.

Blinding

Throughout the study period, this was conducted as a double-blind trial: participants were blinded to their
assigned intervention group and the research staff remained unaware of whether the stimulation was active
(a-tDCS) or sham (s-tDCS). To maintain effective blinding, the evaluator responsible for administering the
intervention received a pre-programmed tDCS device. Independent evaluators—who were not involved in the
intervention sessions and had no contact with participants during the treatment phase—were responsible for
participant screening and the administration of baseline questionnaires.

Instruments and assessments

Two trained researchers, blinded to group allocation, conducted baseline assessments using instruments validated
for the Brazilian population. These assessments included clinical evaluations, standardized demographic data
collection, and blood sampling for BDNF measurement. All cortical excitability assessments were performed by
the same trained technician (DB) to ensure consistency.

Outcomes

Primary outcomes were changes from baseline to the end of the intervention in pain intensity, assessed using
the NPS (0-10), and corticospinal excitability, measured by MEP elicited through TMS. Secondary outcomes
included pain interference (MPII, BPI) and pain severity (BPI), evaluated from baseline through a two-week
follow-up period.

Primary outcomes

a)  Numerical Pain Scale: Pain severity was assessed using the NPS, ranging from 0 (no pain) to 10 (maxi-
mum pain), measured at baseline and the end of the intervention. Additionally, pain intensity in response
to the cold pressor test (CPT) was evaluated. For this procedure, participants immersed their non-dom-
inant hand in ice water (0 £ 1 °C) for up to 120 s while continuously rating their maximal pain intensity
using a 0-10 cm electronic NPS, where 0 indicated “no pain” and 10 indicated “worst pain imaginable” If
the participant maintained hand immersion for the full duration, a time of 120 s was recorded®.

Neuropsychological measures by transcranial magnetic stimulation parameters
Cortical excitability and corticospinal tract integrity were assessed using TMS. Surface electromyography
(EMG) recordings were obtained from the right first dorsal interosseous (FDI) muscle using Ag/AgCl electrodes.
A figure-eight coil connected to a Neurosoft-MS/D stimulator (2800 V, peak 133 magnetic field, up to 4 T;
Neurosoft, Ivanovo, Russia) was positioned tangentially to the scalp and parallel to the sagittal plane over the left
M1, targeting the hand motor area. The optimal stimulation site (“hotspot”) was determined by systematically
shifting the coil in 0.5-1 cm increment around the expected M1 region (approximately 4 cm lateral and 1 cm
anterior to the vertex) and delivering three pulses at each location to identify the point eliciting the maximal
EMG response. This location was marked to ensure consistent stimulation across sessions.

To determine the resting motor threshold (RMT), single-pulse transcranial magnetic stimulation was applied
over the identified motor hotspot. The RMT was defined as the lowest stimulation intensity capable of eliciting
motor-evoked potentials (MEPs) with a peak-to-peak amplitude of > 50 uV in at least 50% of 10 consecutive
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trials®®. This threshold was used as the reference for all subsequent cortical excitability assessments. All
evaluations were performed by the same trained researcher to ensure methodological consistency and minimize
inter-rater variability.

b)

Motor Evoked Potential: Elicited by single-pulse TMS and recorded from target muscles to assess cor-
ticospinal excitability. MEP amplitude was calculated as the mean of 20 responses elicited at 120% of the
motor threshold, before and after tDCS, reflecting M1 pyramidal neuron excitability>®.

Secondary outcomes

o)

d)

e)

Cortical silent period duration: Using a handheld dynamometer, participants performed a sustained
isometric contraction equivalent to 10 pounds of force over the dominant FDI muscle during each tri-
al. This level of contraction was selected as it is commonly used in our laboratory to standardize effort
while remaining tolerable for patients with fibromyalgia, avoiding additional discomfort. A pulse with
an intensity of 120% RMT was applied three seconds after contraction initiation. The offset of the CSP
was defined as the sustained return of EMG activity to the pre-stimulus baseline level for at least 10 ms.
Participants were instructed to relax the contraction after stimulation with a minimum 10-second rest
interval between trials. Ten trials of CSP testing were determined by the means of these values registered
by the EMG?8.

Short Intra-Cortical Inhibition: Cortical excitability was assessed using paired-pulse TMS. The condi-
tioning stimulus was delivered at 80% of the RMT, and the test stimulus at 120% of the RMT. Interstim-
ulus intervals (ISI) of 2 ms were used to evaluate SICI®®. A total of 30 randomized trials were conducted,
comprising approximately 15 trials for each condition (SICI and single pulse). To minimize the impact of
intra-individual variability and occasional outlier responses, 20 trials per condition were initially record-
ed, and the 15 responses closest to the mean distribution were retained for analysis, following approaches
recommended in prior TMS studies®®. The mean MEP amplitude was calculated for each condition. The
final SICI value was expressed as the ratio between the average MEP amplitude of the conditioned stimuli
(2 ms ISI) and the average MEP amplitude of single-pulse stimuli. These measures provide an index of
inhibitory and facilitatory mechanisms within the motor cortex®®.

Brief Pain Inventory: Pain interference was measured through seven BPI items related to daily activities
(general activity, mood, walking ability, work, relationships, sleep, and enjoyment of life), each scored
from 0 (no interference) to 10 (complete interference). The overall interference score was the average of
these items. A > 30% reduction in the mean MPII was considered the minimal clinically important differ-
ence (MCID), in line with IMMPACT guidelines?®, and supported by previous research®. Pain severity
was assessed through the two standard BPI items (“worst” and “average pain in the last 24 hours”), with
the overall severity score corresponding to the mean of these items. The complete BPI was administered
at baseline and on days 8 and 15 post-intervention.

Demographic, medical, psychosocial measures and serum BDNF levels

f)

g

h)
)

)
k)

)

m)

Demographic and clinical data, including comorbidities and current medication use, were collected
using a standardized questionnaire.

For the diagnosis criteria, the ACR 2016 was used®®. Their scores comprise two scales: the widespread
pain index (WPI) and symptom severity score (SSS). Criteria were defined as: (i) WPI > 7 and SSS > 5
OR WPI 4-6 and SSS > 9. (ii) Generalized pain: pain in 4/5 regions.

The Fibromyalgia Impact Questionnaire (FIQ) was used to assess the impact of fibromyalgia symptoms
on quality of life®.

The Pain Catastrophizing Scale (PCS) evaluated pain-related catastrophizing across three dimensions:
rumination, magnification, and helplessness”.

The Beck Depression Inventory-1I (BDI-1I) assessed depressive symptoms’*.

The Central Sensitization Inventory (CSI) measured symptoms associated with central sensitization
syndrome”?.

Sleep quality and patterns over the past month were assessed using the Pittsburgh Sleep Quality Index
(PSQI)”>.

BDNF serum levels were measured using a sandwich ELISA with monoclonal antibodies specific to
BDNF, utilizing the ChemiKine BDNF Sandwich ELISA Kit (plate number 1; Chemicon/Millipore, Bill-
erica, MA, USA; R&D Systems, MN, USA). All assays were conducted in duplicate to control for in-
tra-assay variability. Inter-assay consistency was assessed using two plates from the same kit, which were
processed on separate days within the same week. All procedures strictly followed the manufacturer’s
protocols. The assay’s lower detection limit was 7.8 pg/mL. Optical density was measured at 450 nm
using a GloMax -Multi Microplate Reader (Promega, WI, USA) to ensure the highest level of accura-
cy. Additional multiplex analyses were conducted using the Bio-Plex 200 system (Bio-Rad), and total
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protein concentration was determined using the Bradford method with bovine serum albumin as the
standard)?’.
n) Adverse effects were assessed at the end of the intervention using a standardized questionnaire’.

Statistical analysis

One-way ANOVA was used to analyze continuous variables with a normal distribution, while the Kruskal-Wallis
test was applied to non-normally distributed variables. Categorical variables were evaluated using the chi-square
test. The Shapiro-Wilk test was used to assess the normality of continuous variables.

A factorial GLM was employed to investigate the stimulation effects (a-tDCS vs. s-tDCS), targeted brain areas
(CB, M1, and CB-M1), and their interaction. Outcomes included delta values (post-treatment average minus
baseline average) to control the intra-individual variability’>. Pairwise comparisons were performed to identify
significant differences between interventions.

To construct an adjusted surrogate index of factors related to neuroplasticity we created a BDNF adjusted
index (dependent variable). To address potential confounding effects, we constructed an adjusted serum BDNF
index using a multivariate linear regression model (stepwise method, controlled for multicollinearity). The
model included age, classes of antidepressants [SSRIs, SNRIs, tricyclics], and anticonvulsant use, given their
known influence on BDNF secretion®.

Stimulation effects during follow-up were assessed using the BPI subscales at 8- and 15-day post-
intervention. An LMM was employed, incorporating fixed effects for intervention, targeted brain areas, time,
and their interaction, along with a random intercept for patients. For the statistical analysis, the serum BDNF
index (adjusted for age), severity of depressive symptoms, and the number of antidepressants used (tricyclics,
dual-action, and selective serotonin reuptake inhibitors) were included as variables. The model was constructed
using a regression approach with the stepwise forward method.

All analyses were adjusted for multiple comparisons using Bonferroni correction, with a significance threshold
of 5%. Data analyses were conducted using SPSS version 22.0. To obtain the effect sizes, we used the Platform
https://www.psychometrica.de/effect_size.htm’®. Analyses were conducted using an available-case approach, in
which participants were included in the analysis of each outcome if the respective data were available.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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