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Background: The efficacy of transcranial direct current stimulation (tDCS) depends on various stimulation parameters. With rectangular electrodes, the location of the wire connector may affect the electrical field relative to the underlying target area. Here, we examined longitudinal changes in pain sensitivity and GABA levels in response to tDCS using standard rectangular (5 × 7 cm) electrodes and two different anodal connector locations.



Methods: In this single-blinded, randomized, sham-controlled study, 53 healthy volunteers were assigned to one of 4 groups, receiving either real tDCS or sham tDCS, with the anodal connector oriented either superior-medially or ventral-laterally. tDCS was delivered on 5 consecutive days with the anode and cathode placed over the left primary sensorimotor cortex (SM1) and the right dorsolateral prefrontal cortex, respectively. Pain detection thresholds (PT) and moderate pain thresholds (MPT) of the right index finger and GABA levels from the bilateral SM1 were obtained prior to tDCS, after 5 tDCS sessions, and after 6 weeks.



Results: Superior-medial oriented tDCS significantly increased both pain thresholds at day 5 and at 6 weeks, whereas ventral-lateral oriented tDCS or sham tDCS did not. At day 5, MPT was significantly increased when comparing superior-medial oriented tDCS with sham tDCS. At week 6, both thresholds were significantly increased when comparing superior-medial oriented tDCS with ventral-lateral oriented tDCS and MPT was also increased when comparing superior-medial oriented tDCS with sham tDCS. GABA levels did not differ between time-points or between groups and no association was found between baseline GABA levels in the stimulated hemisphere and change in pain thresholds.



Conclusions: tDCS-induced long-lasting changes in pain sensitivity may depend on the location of the wire connector when using a rectangular anode. A greater pain modulatory effect may be induced when the connector is aligned superior-medially along the central sulcus.
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1 Introduction

Transcranial direct current stimulation (tDCS) holds potential as a safe and non-invasive technique for modulating pain perception (1–3). By targeting specific brain regions involved in pain processing, such as the primary sensorimotor cortex (SM1) or the dorsolateral prefrontal cortex (DLPFC), tDCS can reduce the perceived intensity of acute pain in healthy individuals (2, 4, 5). tDCS modulates neuronal excitability by delivering low-intensity electrical currents to the underlying cortical areas. Different electrode montages of tDCS have been associated with polarity specific effects on cortical excitability, leading to excitation (anodal tDCS) or inhibition (cathodal tDCS) (6). These changes in excitability can persist beyond the duration of a single stimulation session (6, 7). Moreover, multiple tDCS sessions on consecutive days can prolong the effect on clinical pain for weeks or even months (8–10).

The efficacy of tDCS is influenced by various stimulation parameters (11). However, little attention has been paid to the impact of electrode orientation relative to the underlying target area. Different orientations may induce varying levels of excitability changes (12). Moreover, the highest current density is likely to occur near the wire connector's entry point rather than at the geometric center of the electrode (13). This issue is particularly relevant when using rectangular electrodes, as the center of the electrode may not align with the region of peak current density. Since few studies report the precise location of the wire connector when employing standard rectangular electrodes, this factor could contribute to the variability in efficacy observed across studies (14).

Single-session anodal tDCS targeting the primary motor cortex (M1) has been shown to immediately reduce GABA levels in the underlying cortex (7, 15–18). Since GABA levels in bilateral SM1 have also been associated with pain sensitivity (19), it is possible that baseline GABA levels, or the modulation of GABA, may underlie the effects of tDCS on pain sensitivity. In this study, we investigated long-lasting changes in pain sensitivity and GABA levels in response to multi-session anodal tDCS targeting the left SM1. The anode was oriented with the wire connector pointing either superior-medially (tDCS-Top) or ventral-laterally (tDCS-Bottom). We hypothesized that (1) pain sensitivity would decrease following anodal tDCS using both electrode orientations relative to sham stimulation, and (2) the response to tDCS would differ between the two electrode orientations due to the targeting of slightly different cortical areas. As pain sensitivity may be both trait and state dependent, we further hypothesized that (3) better long-lasting outcomes would be associated with lower baseline GABA levels (reflecting reduced inhibition) in the stimulated hemisphere; and (4) GABA levels would change in the stimulated cortex (left SM1) but not in the non-stimulated cortex (right SM1) following anodal tDCS. Finally, we simulated the electric field and current density distributions for the two tDCS configurations in a standard head model.



2 Materials and methods


2.1 Study design

In this single-blinded, randomized, sham-controlled, longitudinal study, healthy participants underwent 5 tDCS sessions, one per day, on consecutive days. tDCS was applied with rectangular electrodes in all participants but with different orientations of the wire connector. The study was conducted as a parallel trial, with computerized stratified randomization (1:1:1:1) used to allocate participants to one of four groups: (1) anodal tDCS with the wire connector aligned superior-medially (tDCS-Top), (2) anodal tDCS with the wire connector aligned ventral-laterally (tDCS-Bottom), (3) sham tDCS with the wire connector aligned superior-medially, and (4) sham tDCS with the wire connector aligned ventral-laterally (Figure 1). Stratification was based on 6 strata, defined by sex (male/ female) and age group (18–30, 31–40, 41–50). DMN was responsible for generating the allocation sequence and assigning participants to groups. Participants were blinded to their group allocation, including the orientation of wire connectors and whether they received real or sham tDCS. They were informed that the study would investigate the long-term effect of tDCS on acute pain. All participants were naïve to tDCS and were fully debriefed after the experiment. Psychological assessment with questionnaires was performed just prior to the first tDCS session (baseline, denoted as D1). Pain thresholds were assessed at D1, after the fifth tDCS session (denoted as D5) and 6 weeks after the first tDCS session (denoted as W6). Magnetic resonance imaging was also performed at D1 before tDCS, at D5 after tDCS and at W6, each occurring after threshold assessment. The decision to conduct follow-up at W6 was informed by findings from pilot experiments, which suggested that the maximal modulatory effect on pain thresholds with the applied tDCS protocol was observed around the sixth week. Psychological and psychophysical assessments, as well as tDCS, were carried out in a quiet, climate-controlled, soundproof room located at National Yang Ming Chiao Tung University. During this part of the experiment, participants sat in a comfortable, padded chair with armrests, while the stimulators were positioned behind them, out of their line of sight. Since we considered our study exploratory in terms of methodology, e.g., we did not specify which electrode orientation would produce the largest effect size, and the combination of tDCS parameters applied has not previously been reported, we did not preregister it.
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FIGURE 1
Schematic diagram of the orientation of the electrodes. (A) Top view showing the connector location of the cathode. (B) Coronal view showing the connector location of the anode for tDCS-Bottom. (C) Coronal view showing the connector location of the anode for tDCS-Top. The diagram is for illustrative purpose only.




2.2 Participants

The sample size was based on the number of participants that could be recruited and assessed within the study timeline (August 2013–July 2016). All participants were recruited by a research assistant assigned to the project. In total, 55 healthy volunteers participated in the study. All participants were required to be over 18 years old and right-hand dominant as assessed with the Edinburgh Handedness Inventory for daily activities (laterality score ≥ 0.75) (20). Exclusion criteria were: (1) implanted electronic devices; (2) metal implants in the head; (3) skin lesions or damage at the electrode sites (head and finger); (4) a history of neurological (e.g., stroke, epilepsy) or psychiatric disorders or head trauma; and (5) pregnancy. The study received approval from the Institutional Review Board of Taipei Veterans General Hospital (VGH 2013-06-009A), and all participants provided written, informed consent in accordance with the Declaration of Helsinki (6th revision).



2.3 Psychological and psychophysical assessments

All questionnaires and pain tests were administered by the same operator. The psychological state of the participants was assessed using the Pain Catastrophizing Scale (PCS) (21), the Spielberger State-Trait Anxiety Inventory (STAI) (22) and the Center for Epidemiological Studies-Depression Scale (CES-D) (23).

The Pain Catastrophizing Scale was used to evaluate the extent to which a person experiences catastrophic thinking in relation to pain. It is divided into three subscales: rumination, magnification, and helplessness. The scale consists of 13 items, each rated on a scale from 0 (“Not at all”) to 4 (“all the time”). The total score ranges from 0 to 52, with a higher score indicating a greater tendency toward catastrophic thinking in response to pain. The scale was originally validated in healthy participants exposed to experimental pain and in a clinical population undergoing medical procedures (21). The Chinese version of the scale (HK-PCS) has shown high internal consistency and a strong test-retest reliability (24). The STAI questionnaire was used to assess both state anxiety (temporary) and trait anxiety (predispositional). Each subscale consists of 20 items, which are rated on a scale from 1 (“Not at all”) to 4 (“Very much so”), with total scores ranging from 20 to 80. A higher score indicates a greater level of anxiety, and a score below 40 is considered to indicate low anxiety. The Chinese version of the questionnaire has high internal consistency and excellent test-retest reliability (25, 26). The CES-D scale was used to measure participants' depressive symptoms over the past week based on symptom frequency. It consists of 20 items, each rated on a scale from 0 (“rarely” or under 1 day) to 3 (“Most or all the time” or 5–7 days), with total scores ranging from 0 to 60. A higher score indicates more severe depressive symptoms, while scores under 16 indicate non-clinical levels of symptoms. The scale has been widely applied in both general and psychiatric populations, demonstrating high internal consistency and adequate test-retest reliability (23). The Chinese version of the scale has also shown good internal consistency and excellent test-retest reliability (27, 28).

Prior to the pain tests, the operator carefully explained the testing procedures to the participants to ensure compliance. During the pain tests, participants rested their lower right arm on the armrest while electrical stimulation (0.2 ms square wave pulse; Digitimer DS-7A, Hertfordshire, England) was applied to the palmar surface of the distal phalanx of the right index finger. A bipolar probe (25 mm inter-electrode distance, Grass Technologies Corp., USA), with the anode placed distally, was used for stimulation. Stimulus intensities corresponding to the pain detection threshold (PT) and moderate pain threshold (MPT) were then registered using the method of ascending limits in four series (with the first series discarded). The stimulus delivery was computer-controlled and stimuli were separated by an interval of 15 s. Participants were instructed to verbally indicate as soon as they perceived each of the two levels. The perception of a sharp pricking sensation is thought to correspond to Aδ-fiber activation (29). No rating scale was needed for PT. However, for the moderate pain intensity, an 11-point numerical pain intensity rating scale was used with the anchor points “0” and “10” corresponding to “no pain” and “worst possible pain”, respectively. Moderate pain was defined as “5” on the scale [see, e.g., Table 3 in (30)]. Suprathreshold pain intensity was applied because pain detection thresholds may be less relevant in clinical settings.



2.4 Imaging acquisition

Magnetic resonance imaging and spectroscopy data were acquired on a 3T system (Trio, Siemens Medical Solutions, Erlangen, Germany) with a 32-channel head coil array. Participants were instructed to lie in the scanner with their eyes closed and to refrain from moving their heads during the experiment. Initially, a high-resolution 3D MPRAGE (Magnetization Prepared Rapid Acquisition Gradient Echo) anatomical scan (repetition time [TR]/echo time [TE]/flip angle [FA]: 2,530 ms/3.03 ms/7 degrees; field of view (FOV): 224 × 256 × 192; voxel size: 1 × 1 × 1 mm3) was acquired.

The volumes of interests (VOIs) for magnetic resonance spectroscopy (MRS) were first delineated on the anatomical image. VOIs (25 × 25 × 25 mm3) were placed over the left and right hand representations of SM1 according to known landmarks, i.e., the precentral knob in the axial plane and the hook-shaped sulcus in the sagittal plane (19). The VOIs were rotated in the sagittal, axial and coronal planes to align the edges parallel with the surface of the cortex. This ensured maximum coverage of the hand area. An MRS pre-scan was then carried out using a point resolved spectroscopy (PRESS) sequence (TR/TE = 2,000/68 ms, sample points = 2,048, bandwidth = 2,000 Hz, 8 averages). These spectra were analyzed and displayed online to assess linewidth, water suppression, and noise level. To be deemed of acceptable quality, the following criteria had to be met: (1) absence of lipid contamination (due to the proximity of the VOIs to the cortical surface); (2) clear separation between creatine and choline peaks; (3) N-acetylaspartate linewidth estimated on the console of less than 10 Hz; and (4) absence of high-frequency noise. Once spectra in the pre-scan were considered to be of acceptable quality, GABA measurements were then performed using the same adjustment parameters for shimming, resonance frequency, and water suppression. For GABA measurements, a MEGA-PRESS sequence was employed (31). A total of 300 spectra were acquired in 75 dynamic scans with 4-step phase cycling using the following parameters: TR/TE = 2,000/68 ms, sample points = 2,048, bandwidth = 2,000 Hz. GABA-editing was achieved with a 15 ms Gaussian pulse applied at 1.9 ppm for edit-on spectra and at 7.5 ppm for edit-off spectra. The editing pulse (off/on) was applied in an alternating sequence with each dynamic scan.



2.5 tDCS protocol

The DC-Stimulator Plus (neuroConn GmbH, Ilmenau, Germany) was used for non-invasive cortical stimulation. Stimulation electrodes consisted of a pair of rectangular rubber electrodes, each embedded in color-coded, saline-soaked (0.9% NaCl) sponges with an area of 35 cm2 (5 cm × 7 cm). The center of the anode was placed over the left M1 (C3 location according to the 10–20 system), with the long side of the electrode oriented at a 45-degree angle to the mid-sagittal plane. The anode was rotated 180 degrees between the “Top” and “Bottom” configurations. The connection point between the electrode and the connector cable was at the far end of the rectangular electrode, at the midpoint of the width, as indicated in Figures 1A, 2. The center of the cathode was placed over the right DLPFC (F4 location), with the wire pointing anteriorly and the long axis of the electrode aligned parallel to the midline (Figures 1, 2). The connections consisted of a socket on the electrode and a pin (1.5-mm diameter) on the connection cable (touch-proof DIN 42802-2).
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FIGURE 2
Geometry and dimensions of the electrode used in the simulation. (Top) View of the electrode from above; (Bottom) Side view. The rubber pad (grey) is embedded within a saline-soaked sponge (yellow), and the connector is positioned at the distal end of the electrode, centered along its width.


The decision to apply cathodal stimulation over the right DLPFC was informed by both the valence lateralization hypothesis (32, 33) and existing literature on non-invasive brain stimulation in major depression and chronic pain. According to the valence lateralization hypothesis, the left and right prefrontal cortices are differentially involved in emotional processing—positive (or approach-related) emotions are associated with the left, and negative (or withdrawal-related) emotions with the right prefrontal cortex. In line with this, inhibitory repetitive transcranial magnetic stimulation over the right DLPFC has been used to reduce hyperactivity in this region and alleviate negative affect in patients with major depression (34). A similar approach has been applied in tDCS studies, particularly using bilateral DLPFC stimulation (anodal left/cathodal right) (35). Importantly, this principle has also been extended to chronic pain, where inhibitory rTMS of the right DLPFC and bifrontal tDCS (anodal left/cathodal right) have demonstrated therapeutic potential (36–38). Taken together, since pain is closely linked to negative affect, targeting the right DLPFC may reduce pain unpleasantness by dampening activity in this region.

An intermittent tDCS protocol was employed (39, 40), involving daily M1-tDCS sessions (intensity = 2 mA) conducted over 5 consecutive days. Each session consisted of two 10 min tDCS blocks, separated by a 10 min rest period. Sham stimulation was delivered using the same stimulus intensity and rectangular electrodes, but with a stimulus duration of 30 s applied only once at the beginning of the session. As mentioned above, participants were allocated to one of four groups in which real tDCS or sham tDCS was performed with the anodal electrode wire oriented either superior-medially or ventral-laterally (Figure 1). For all types of stimulation and blocks, the current was ramped up and down over 30 s



2.6 Spectral analysis

Spectral processing of the MEGA-PRESS data was conducted using MATLAB R2023a (MathWorks, Natick, USA). The initial dynamic scan, comprising four spectra, was excluded. Subsequently, the remaining 74 dynamic scans (296 spectra) were averaged within each dynamic scan after correcting for frequency drift based on the peak of total creatine (tCr; including creatine and phosphocreatine) at 3.0 ppm. This process resulted in 37 edit-on spectra and 37 edit-off spectra. The 74 spectra were then analyzed and quantified using the Gannet 3.1 toolbox (41), an open-source MATLAB-based software package. Five modules—GannetLoad, GannetFit, GannetCoRegister, GannetSegment, and GannetQuantify—were employed for spectral processing. In short, spectral phase registration and frequency correction were applied with a line broadening of 3 Hz and zero padding by a factor of 16. The GABA signal at 3.0 ppm and Glx (combined glutamate and glutamine) at 3.75 ppm in the edited spectrum were quantified by fitting a triple Gaussian model with a linear baseline and sinusoidal terms across a range from 2.79 ppm to 4.10 ppm. The unsuppressed water signal was modeled using a Lorentzian-Gaussian function. To account for relaxation and tissue type, correction factors were applied using subject-specific voxel masks generated for grey matter, white matter, and cerebrospinal fluid fractions. The estimated GABA levels in institutional units (IU) relative to the water signal were derived following tissue-specific water visibility and relaxation corrections (T1 and T2) using the Gasparovic method (42). In this study, the quantified GABA concentrations were denoted as GABA+, as they also encompass contributions from homocarnosine and macromolecules. Spectra with a normalized residual fitting error of GABA+ above 8% and a linewidth of the unsuppressed water signal exceeding 13 Hz (approximately 0.1 ppm) were excluded from the final analysis to ensure data quality. Additionally, data quality was evaluated through visual inspection to identify and discard spectra displaying strongly aberrant features within the fit range, adhering to data quality recommendations (43).



2.7 Simulation of electric fields and current densities

The SimNIBS 4.5 software package (11, 44) was used to simulate electric fields and current density magnitudes. The software includes a standard head model based on the finite element method, constructed from T1- and T2 weighted magnetic resonance images of a single individual. The head model was automatically generated, and default isotropic conductivities were assigned to different tissue classes as follows: white matter (0.126 S/m), grey matter (0.275 S/m), cerebrospinal fluid (1.654 S/m), scalp (0.465 S/m), eyeballs (0.5 S/m), compact bone (0.008 S/m), spongy bone (0.025 S/m), blood vessels (0.600 S/m), and muscle (0.160 S/m). Electrodes were modeled as rectangular rubber pads (5 cm × 7 cm, thickness: 1 mm, conductivity: 29.4 S/m) embedded in saline-soaked sponges (5 cm × 7 cm, thickness: 3 mm, conductivity: 1.0 S/m) (Figure 2). The connector (1 cm long, 0.5 cm wide) was positioned at the far end of the electrode, centered along its width (Figure 2). The anode was placed over the C3 location, rotated 45 degrees relative to the mid-sagittal plane, and assigned a current of +2 mA. “Top” and “Bottom” montages were simulated by varying the connector's position at either end of the electrode. The cathode was placed over the F4 location, aligned with the midline of the scalp, and assigned a current of −2 mA, with the connector positioned anteriorly.



2.8 Study outcomes

The study analyzed longitudinal changes in pain thresholds and GABA levels. The primary outcome measures were the pain detection threshold (PT) and suprathreshold pain corresponding to moderate pain intensity (MPT). These measures were assessed within groups using untransformed values, and between groups using changes relative to the baseline.

Our analyses proceeded according to the two main hypotheses. First, to test whether pain sensitivity would decrease following anodal tDCS, we conducted both within-group and between-group analyses, regardless of wire connector orientation. Second, to test whether the response to tDCS differed between electrode orientations, participants were further divided according to the wire connector orientation.

Secondary outcome measures included GABA+ concentrations in the stimulated (left) and unstimulated (right) SM1. To assess whether GABA levels would change in the stimulated cortex but not in the non-stimulated cortex following anodal tDCS, the analysis proceeded as for thresholds. Additionally, we investigated whether greater long-term improvement (i.e., larger changes in thresholds) was associated with lower baseline GABA levels in the stimulated cortex (left SM1).



2.9 Statistical analyses

Statistical analyses were conducted using SPSS (IBM SPSS, version 21.0). The data were initially tested for normality using the Shapiro–Wilk test, which was applied separately to each group (tDCS and Sham), sub-group (tDCS-Top, tDCS-Bottom, Sham-Top, and Sham-Bottom), outcome, and time point. As all data in the tDCS group and sub-groups, and some data in the Sham-Bottom group, were found to be non-normally distributed, non-parametric tests were selected to ensure consistency across groups. Each group's data were further examined for outliers. Given the substantial individual variability in pain sensitivity, outliers were defined as values exceeding three times the interquartile range above or below the upper and lower quartiles within each sub-group. When an outlier was identified for a specific threshold in a participant, all time points for that threshold in that participant were removed, while data for the other threshold were retained. Because the primary outcomes in the between-group analysis were based on relative values, an outlier in the within-group analysis did not necessarily imply an outlier in the between-group analyses, and vice versa. All within- and between-group comparisons for the primary (PT and MPT) and secondary (GABA+ levels) outcomes were conducted with outliers excluded.

In analyses where wire connector orientation was not considered, within-group comparisons across time points (D1, D5, W6) were made separately for PT and MPT using Friedman tests (PT tDCS, MPT tDCS, PT Sham, and MPT Sham). Tests that met the Bonferroni-adjusted significance threshold (4 tests, p = 0.0125) were followed by post-hoc Dunn's tests, with further Bonferroni adjustment for three pairwise comparisons (D1 vs. D5, D1 vs. W6, D5 vs. W6; p = 0.0167). Baseline between-group comparisons for PT and MPT were performed separately using Mann–Whitney U-tests (2 tests, adjusted p = 0.0250). Changes in PT and MPT relative to the baseline (D5 vs. D1 and W6 vs. D1) were also compared between groups using Mann–Whitney U-tests (4 tests, adjusted p = 0.0125).

To examine the effect of wire connector orientation, the tDCS group was further divided into tDCS-Top and tDCS-Bottom sub-groups. To enhance statistical power, and given prior within-group analyses found no differences across time points in the Sham group, the Sham group was not further subdivide, which is justified as sham stimulation is not expected to induce threshold changes. Within-group comparisons across time points were again made separately for each threshold and group using Friedman tests (PT tDCS-Top, MPT tDCS-Top, PT tDCS-Bottom, MPT tDCS-Bottom). Tests passing the Bonferroni-adjusted threshold (4 tests, p = 0.0125) were followed by post-hoc Dunn's tests with further adjustment (D1 vs. D5, D1 vs. W6, D5 vs. W6; p = 0.0167). Because the Sham group remained unchanged, its within-group analysis was not repeated. Between-group comparisons at baseline were assessed using the Kruskal–Wallis test for PT and MPT, separately (2 tests, adjusted p = 0.0250). Between-group comparisons of threshold changes relative to the baseline were also made using the Kruskal–Wallis test (PT: D5 vs. D1 and W6 vs. D1; MPT: D5 vs. D1 and W6 vs. D1; 4 tests, adjusted p = 0.0125). Tests passing a Bonferroni-adjusted threshold were again followed by post-hoc Dunn's tests with further adjustment (tDCS-Top vs. tDCS-Bottom, tDCS-Top vs. Sham, tDCS-Bottom vs. Sham; p = 0.0167).

For the analyses of GABA+ concentrations, within-group comparisons across time points were made separately for the left and right hemispheres in each tDCS group using Friedman tests, applying Bonferroni-adjusted thresholds (6 tests, p = 0.0083). Between-group comparisons of baseline GABA+ levels were conducted using the Kruskal–Wallis test for each hemisphere. Between-group comparisons of GABA+ changes at D5 and W6 were also conducted separately by hemisphere using Kruskal–Wallis tests (4 tests, p = 0.0125). post-hoc tests followed the same procedure as for threshold outcomes. Finally, to assess whether baseline GABA+ levels in the stimulated hemisphere (left SM1) were predictive of outcome, Spearman's rank correlation analyses were performed between left GABA+ concentrations and pain threshold changes at time-points with significant between-group differences. Given the a priori hypotheses, one-tailed p-values were used with adjustment for the multiple tests (6 tests: PT tDCS-Top, MPT tDCS-Top, PT tDCS-Bottom, MPT tDCS-Bottom, PT Sham, MPT Sham; adjusted p = 0.0083).




3 Results


3.1 Characteristics of the participants

The number of participants at each stage of the study is shown in Figure 3. In total, 55 participants were assessed for eligibility. Of these, 2 were found to be ineligible due to age or a history of head trauma. As a result, 53 participants proceeded to randomization. After group allocation, 2 in the Sham-Bottom group chose not to continue in the study after the stimulator cable broke on the first day. The final study sample consisted of 27 participants receiving real tDCS and 24 receiving sham tDCS. In the tDCS group, 14 participants were allocated to the tDCS-Top group and 13 to the tDCS-Bottom group. Thresholds for one participant in the tDCS-Bottom group were identified as extreme outliers across all time points and were excluded, leaving 12 participants in that group. In the sham group, 13 were in the Sham-Top group and 11 were in the Sham-Bottom group. One participant in the Sham-Bottom group was identified as an extreme outlier across all time points and were excluded, leaving 10 participants in that group. Table 1 presents the demographics and questionnaire scores of the study participants in the tDCS and Sham groups at baseline. No between-group differences were found in any of the parameters (Table 1). As expected, a high degree of right-hand dominance was found in each group. In addition, pain catastrophizing scores, anxiety scores, and depression scores were within normal range at the time of the experiment. Demographics and questionnaire scores from the subdivided groups are provided in Table 2. No statistical significant differences were observed among these groups.


[image: Figure 3]
FIGURE 3
Flow diagram showing the number of participants at each stage, from eligibility assessment, randomization, allocation to the 4 groups, and follow-up. D1: day 1 (baseline); D5: day 5 (follow-up); W6: week 6 (follow-up).



TABLE 1 Demographics and questionnaire scores of the study participants in the two main groups (mean ± SD).
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TABLE 2 Demographics and questionnaire scores of the participants in the subdivided tDCS groups and in the sham group (mean ± SD).
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3.2 Real tDCS vs. Sham stimulation

For PT threshold values, a data point was identified as an outlier at W6 in both the tDCS-Top and Sham-Top groups. Accordingly, the corresponding values at all time points were excluded from the within-group analysis for these participants. For MPT threshold values, outliers were identified at all three time points in one participant in the tDCS-Top group. This resulted in 25 participants in the combined tDCS group for both PT and MPT (13 in tDCS-Top and 12 in tDCS-Bottom), and 22 participants (12 in Sham-Top and 10 in Sham-Bottom) for PT, and 23 participants (13 in Sham-Top and 10 in Sham-Bottom) for MPT in the combined Sham group. In the within-group comparisons, where wire connector orientation was not considered, PT in the tDCS group showed a statistical difference after correcting for multiple comparisons (adjusted p = 0.008). post-hoc tests revealed significant increases between D1 and D5 (D5 > D1, adjusted p = 0.003), but not between D1 and W6 (adjusted p = 0.085) or between D5 and W6 (adjusted p = 0.774). MPT was also significant in the tDCS group (adjusted p = 0.004). Subsequent post-hoc tests revealed significant increases between D1 and D5 (D5 > D1, adjusted p = 0.003) and between D1 and W6 (W6 > D1, adjusted p = 0.011), but not between D5 and W6 (adjusted p = 1.000). Within-group comparisons for sham stimulation did not result in any significant findings (PT: adjusted p = 0.492; MPT: adjusted p = 0.852).

For changes in thresholds relative to baseline, 26 participants (14 tDCS-Top and 12 tDCS-Bottom) were included in the combined tDCS group for each threshold at each time point. In the Sham group, 23 participants (13 Sham-Top and 10 Sham-Bottom) were included for each threshold at each time point, except for PT at W6, where one data point was identified as an outlier and excluded, leaving 22 participants for that comparison. The tDCS and Sham groups, regardless of wire connector orientation, did not show any significant between-group differences in PT (tDCS, n = 26; Sham, n = 23; adjusted p = 1.000) or MPT (tDCS, n = 26; Sham, n = 23; adjusted p = 1.000) at baseline. Between-group differences were also not observed in relative threshold changes at D5 or W6 (PT D5: adjusted p = 0.680; PT W6: adjusted p = 1.000; MPT D5: adjusted p = 0.056; MPT W6: adjusted p = 0.584).



3.3 The effect of wire connector location

The pain detection thresholds and moderate pain thresholds before and after tDCS are shown in Figure 4. Notably, thresholds in the tDCS-Top groups spanned a considerably wider range than in the other two groups, due to several participants with a high pain threshold. In the within-group comparisons between time points, both thresholds in the tDCS-Top group showed a statistical difference after correcting for multiple comparisons (adjusted p = 0.008). For PT, post-hoc tests revealed significant increases between D1 and D5 (D5 > D1, adjusted p = 0.010) and between D1 and W6 (W6 > D1, adjusted p = 0.010), but not between D5 and W6 (adjusted p = 1.000). Similarly, post-hoc tests for MPT revealed significant increases between D1 and D5 (D5 > D1, adjusted p = 0.032) and between D1 and W6 (W6 > D1, adjusted p = 0.003), but not between D5 and W6 (adjusted p = 1.000). Within-group comparisons for tDCS-Bottom did not result in any significant findings (PT: adjusted p = 0.480; MPT adjusted p = 0.404), suggesting that the observed effects in the combined tDCS group were primarily driven by changes within the tDCS-Top group.
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FIGURE 4
Box plots of pain detection thresholds and moderate pain thresholds. Thresholds were recorded before real or sham tDCS on the same day (D1), after 5 daily tDCS sessions (D5), and after 6 weeks (W6). Comparisons with statistically significant adjusted p-values are marked with an asterisk (*), and the effect size (r) is shown. The number of participants in each group is displayed below the group labels. Extreme outliers (defined as data points exceeding 3 times the interquartile range) were excluded from the plots. Mild outliers (values exceeding 1.5 times the interquartile range) are shown as individual data points.


Between-group comparisons of thresholds at baseline (D1) revealed no statistical differences (tDCS-Top: n = 14; tDCS-Bottom: n = 12; Sham: n = 23; PT: adjusted p = 0.242; MPT: adjusted p = 0.244). Figure 5 shows the relative changes in PT and MPT after real and sham tDCS, separately for D5 and W6. A significant group difference was found for MPT (adjusted p = 0.036), but not for PT (adjusted p = 0.256) at D5. For MPT, post-hoc tests revealed a significant difference between tDCS-Top and Sham (adjusted p = 0.007), but not between tDCS-Top and tDCS-Bottom (adjusted p = 0.210) or between tDCS-Bottom and Sham (adjusted p = 1.000). At W6, both thresholds resulted in significant differences (PT: adjusted p = 0.036; MPT: adjusted p = 0.048). post-hoc tests for PT revealed a significant difference between tDCS-Top and tDCS-Bottom (adjusted p = 0.008), but not between tDCS-Top and Sham (adjusted p = 0.102) or between tDCS-Bottom and Sham (adjusted p = 0.611). post-hoc tests for MPT revealed significant differences between tDCS-Top and Sham (adjusted p = 0.028) and between tDCS-Top and tDCS-Bottom (adjusted p = 0.031), but not between tDCS-Bottom and Sham (adjusted p = 1.000).
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FIGURE 5
Box plot of changes in pain thresholds (PT) and moderate pain thresholds (MPT). Thresholds were recorded before tDCS (D1) and after 5 daily tDCS sessions(D5), and after 6 week follow up. The changes were defined as (D5-D1)/D1 and (W6-D1)/D1. Comparisons with statistically significant adjusted p-values are marked with an asterisk (*), and the effect size (r) is shown. The number of participants in each group is displayed within each box plot. Extreme outliers (defined as data points exceeding 3 times the interquartile range) were excluded from the plots. Mild outliers (values exceeding 1.5 times the interquartile range) are shown as individual data points.


The 20% responder rates at D5 and W6 in the tDCS-Top group were 43% (n = 6) and 57% (n = 8) for PT, and 57% (n = 8) and 71% (n = 10) for MPT. In the tDCS-Bottom group, the corresponding rates were 15% (n = 2) and 8% (n = 1) for PT, and 17% (n = 2) and 8% (n = 1) for MPT. In the Sham group, responder rates were 30% (n = 7) and 28% (n = 6) for PT, and 22% (n = 5) and 30% (n = 7) for MPT.



3.4 GABA+ concentrations in Sm1

Two participants in the tDCS-Top group underwent MRS scans only in the left SM1 due to technical problems. Table 3 summarizes the number of subjects included in the statistical analyses. Overall, spectra from the right SM1 showed lower spectral quality compared to those from the left SM1. Among the excluded data, one participant in the tDCS-Top group was entirely excluded due to poor spectral quality. Another seven spectra, all in the right hemisphere, were excluded due to linewidth criteria (N = 2), fitting error criteria (N = 3), or by visual inspection (N = 2), i.e., both displayed an asymmetric shape in the GABA signal and had small spurious peaks around the GABA peak. Figure 6A illustrates the location of the MRS VOIs across the remaining participants, overlaid on the mean anatomical image in standard space. The two VOIs consistently covered the hand area of the SM1s in all participants. Additionally, spectra from 2.7 ppm to 4.1 ppm for all participants are also displayed in Figure 6B. The fitting errors of GABA+ for the remaining participants were 4.54 ± 0.94% and 4.80 ± 1.12% for the left and right SM1, respectively. Additionally, the linewidth of the unsuppressed water signal was 9.18 ± 0.75 Hz and 9.24 ± 0.70 Hz for the left and right SM1, respectively. No between-group differences were found for any of the quality measures.


TABLE 3 Number of participants with valid spectra.
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FIGURE 6
(A) Penetration maps showing the location of MRS voxels for left and right SMI across all subjects overlaid on the transverse and sagittal view of a template image in Montreal Neurological Institute standard space. Warm colors indicate higher overlap in location across subjects and dark red corresponds to an overlap of all subjects. (B) Mean (solid black) and standard deviation (shaded red) of edited GABA spectra from all subjects in a range between 2.7 to 4.1 ppm. The GABA+ peak at 3.0 ppm and Glx peak at 3.75 ppm can be identified in this spectral range.


No within-group differences were found, whether the tDCS group was analyzed as a single group or divided into sub-groups, in both hemispheres (p > 0.199). Figure 7 depicts the change in bilateral GABA+ levels between D1 and D5, and between D1 and W6. For the left SM1, the changes from D1 to D5 and from D1 to W6 in the tDCS-Top group were 3.33 ± 4.56% and 2.35 ± 7.06%, respectively, which were higher than those in the tDCS-Bottom group (−0.94 ± 8.83% and −2.62 ± 8.55%) and the Sham group (0.19 ± 7.34% and 0.28 ± 5.77%). A similar tendency was not observed in the right SM1. Despite this, no statistical differences were found for any of the between-group comparisons of GABA+ levels in both hemispheres (adjusted p = 1.000). To examine whether baseline GABA+ levels in the stimulated hemisphere were predictive of the long-term outcome, Spearman's rank correlation analyses were conducted between left GABA+ concentrations and the change in pain thresholds at W6. As hypothesized, negative correlations were found in the tDCS-Top group for both PT [rs = −0.507, p(1-tailed) = 0.039] and MPT [rs = −0.492, p(1-tailed) = 0.044], but not for threshold changes in the other two groups [p(1-tailed) > 0.301]. However, none of the correlations passed an adjusted threshold (p = 0.0083).
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FIGURE 7
Box plot of left and right GABA+ changes. GABA+ was quantified before tDCS (D1), after 5 daily tDCS sessions (D5) and at six weeks (W6). The changes were defined as (D5-D1)/D1 and (W6-D1)/D1, respectively. No statistical significance was found among groups at both time points.




3.5 Simulation of Top and Bottom montages

Figure 8 shows the electric fields and the magnitudes of the current densities resulting from simulations of the Top and Bottom montages. Notably, the Top configuration produced higher electric field strength and current density magnitudes compared to the Bottom configuration in the hand area of the precentral and postcentral gyri beneath the anode. This difference is most evident when the current density magnitudes are projected onto the cortex (Figure 8). In contrast, the Bottom configuration showed higher electric field and current density magnitude in the ventral portion of the SM1, as seen in the lateral view of Figure 8.
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FIGURE 8
Electric fields and current densities resulting from simulations of the top and bottom montages. Results are shown in left (upper panels) and top (lower panels) views. Electric field vectors are overlaid, and the magnitude of the current density is projected onto the cortex. The encircled areas highlight regions of interest in the left SM1 where differences between the two montages were observed.





4 Discussion

The present study investigated whether the location of the wire connector on the anodal tDCS electrode influenced the modulation of pain sensitivity and the neuronal excitability in the stimulated SM1 cortex, as non-invasively measured with GABA+. Our findings revealed that anodal tDCS applied over the left SM1 using an electrode oriented superior-medially (tDCS-Top) significantly increased pain thresholds (PT and MPT) of the contralateral index finger, with effects lasting up to week 6. This effect was not observed with the ventral-lateral orientation of the anode (tDCS-Bottom) or with sham stimulation. Moreover, MPT at week 6 was significantly higher in the tDCS-Top group compared to both the tDCS-Bottom and sham groups. None of the tDCS configurations resulted in changes in GABA+ levels in either hemisphere, and no relationship was found between GABA+ and pain thresholds. Finally, differences in the simulated electric field and the magnitude of the current density were found in the hand area of SMI between the Top and Bottom configurations.

The stimulation regimen employed in the present study consisted of one tDCS session per day for 5 consecutive days. This protocol led to increased pain thresholds, i.e., reduced pain sensitivity, in the combined tDCS group immediately after the final tDCS session. Furthermore, the modulatory effect on suprathreshold pain could be sustained for at least 5 weeks following the end of tDCS. When the tDCS group was subdivided into tDCS-Top and tDCS-Bottom groups, these effects were observed only in the tDCS-Top group, where the wire connector of the anode was oriented in the superior-medial direction. This suggests that the effect observed in the combined group was primarily driven by the tDCS-Top group. Although previous studies have shown that cumulative tDCS effects can persist for weeks or months (8–10), this is the first demonstration that the orientation of the rectangular anode relative to the underlying cortex influences the modulatory effect on pain sensitivity. Contrary to our hypothesis, the modulatory effect was not observed in both anodal tDCS configurations when analyzed separately. Thus, the orientation of the rectangular anode during SM1 stimulation plays a significant role in the long-lasting modulation of perceived pain intensity. The between-group analysis further suggests that suprathreshold pain measures may be more sensitive indicators of tDCS-induced changes in pain sensitivity. Suprathreshold pain is likely more clinically relevant, as it better mirrors real-world scenarios, i.e., clinical pain is rarely experienced at pain detection level.

Several factors may explain the observed differences between the two anodal electrode orientations. First, the present study used rectangular electrodes (5 × 7 cm) with the wire connected at the far end. Previous modeling studies suggest that the highest electric field strength is located closer to the connector rather than at the geometric center of the electrode (13). In our simulation, we similarly observed that the local peak field strength and the peak magnitude of the current density differed between the tDCS-Top and tDCS-Bottom orientations. While peak values were higher dorsally for the tDCS-Top orientation, they were higher ventrally for the tDCS-Bottom orientation. This aligns with findings that even small deviations, on the order of 1 cm, can alter the distribution of current flow in the brain (3). Second, the behavioral and physiological effects of tDCS are influenced by the alignment between current flow and the orientation of neurons in the targeted cortex (3). Due to cortical folding, which can invert the direction of current flow locally (45), a slight shift in peak field location could result in distinct effects on pain sensitivity. A similar mechanism may explain why significant excitability changes in the motor cortex are observed only when the M1 electrode is angled at 45° to the midsagittal line along the central sulcus (12). Third, the topological organization of the SM1 must be considered. The C3 location in the 10–20 system is assumed to lie over the hand and finger representations, which cover a relatively large area extending superiorly. Just ventral to this region lies the face representation (46). As shown in our simulation, the peak electric field and current density in the tDCS-Top configuration remained within the hand representation area of SM1, whereas in the tDCS-Bottom configuration, it was located closer to the face representation, where pain thresholds were not assessed. Our findings may have implications for other tDCS montages using rectangular electrodes overlying regions where cortical heterogeneity exists along the long axis of the electrode. For example, positioning the connector anteriorly or posteriorly during DLPFC stimulation could lead to the activation of functionally distinct areas, such as Brodmann areas 9 and 6, respectively. In the same vein, this information could potentially be leveraged to optimize stimulation protocols, as in the present study where the connector was placed anteriorly. Further systematic investigations are needed to evaluate the sensitivity of behavioral outcomes to electrode orientation and positioning. Such studies could improve our understanding of the mechanisms underlying tDCS-induced pain modulation and help optimize its therapeutic application.

Although we investigated the modulation of acute pain evoked in healthy participants, our protocol and findings may have clinical relevance. It is well known that experimentally evoked pain in healthy individuals differs substantially from ongoing clinical pain, both in mechanisms and context. Nevertheless, several chronic pain conditions, such as fibromyalgia, neuropathic pain, and osteoarthritis, are characterized by hypersensitivity to evoked pain, i.e., hyperalgesia. It is conceivable that our tDCS protocol could reduce hyperalgesia in such patients. However, chronic pain conditions with prominent hyperalgesia often involve central sensitization, making it difficult to predict how our centrally acting protocol would affect these populations. An additional issue pertains to the interpretation of the primary outcome measures used in our study, which were the electrical current intensity (mA) required to produce constant levels of pain. Since subjective pain intensity was held constant across time points, changes in current intensity in response to tDCS reflect altered pain sensitivity rather than changes in perceived pain. At present, there is no standardized clinical interpretation for what constitutes a meaningful change in current intensity for electrical somatosensory stimulation. We found that 71% of participants receiving tDCS-Top stimulation required a ≥20% increase in current intensity to evoke moderate pain (MPT) at week 6. The corresponding proportions were 8% and 30% in the tDCS-Bottom and Sham groups, respectively. Furthermore, a 31% increase in the median stimulus intensity was required to evoke moderate pain in the tDCS-Top group compared to the pain detection threshold at baseline (PT: 6.1 mA; MPT: 8.0 mA). A 20% reduction in stimulus intensity may therefore correspond to a decrease of two or more points on the 0–10 numerical rating scale, which could be considered clinically meaningful. Further research involving chronic pain patients is necessary to confirm this assumption.

We did not observe any significant changes in GABA+ levels in either the left or right SM1 following five consecutive days of tDCS or at the six-week follow-up. Previous studies in healthy adults have reported acute decreases in GABA localized to the tDCS target area (7, 17, 18, 47). However, other studies have found no significant change in GABA levels after tDCS (48, 49). One plausible explanation for the lack of GABA changes in our study may relate to the stimulation paradigm used. Unlike most previous studies that employed single-session tDCS, we used a multiday protocol with delayed follow-up assessments. As GABA levels were not measured immediately after the first session, we cannot rule out the possibility that acute changes occurred but were not sustained. Furthermore, long-lasting modulatory effects on GABA may not mirror those seen after a single session, as different mechanisms may be involved. Specifically, long-term effects are thought to rely more on long-term potentiation (LTP)-like plasticity, which is glutamate-dependent (39, 50). Since the MRS method used in our study does not reliably quantify glutamate, it is conceivable that changes in excitatory neurotransmission contributed to the sustained effects observed. Overall, our findings suggest that the neurobiological mechanisms underlying longitudinal tDCS protocols may differ from those elicited by single-session tDCS.

The major limitation of the present study is the small sample size. It is likely that the study was underpowered to detect longitudinal changes in GABA+, given the substantial variability observed in GABA levels. This issue was further compounded by the exclusion of a larger proportion of data from the right SM1. Additional limitations related to the GABA+ measurements include the placement of the volume of interest (VOI) in SM1. Due to the curvature of the cortex, the cuboidal VOIs inevitably encompassed parts of both S1 and M1. Therefore, we refer to the voxel location as the primary sensorimotor cortex (SM1). Moreover, MRS cannot distinguish between extracellular and intracellular neurotransmitter concentrations, limiting interpretation of the underlying GABA+ mechanisms. Regarding pain threshold measurements, these were taken from the right index finger, corresponding to the dominant hand. However, it cannot be assumed a priori that similar effects would be observed with stimulation of the non-dominant hand. Interhemispheric inhibition may be stronger from the dominant to the non-dominant hemisphere than vice versa, as has been demonstrated in the motor system. Future studies are needed to explore this asymmetry. Finally, we acknowledge that this study was not preregistered, and the findings should therefore be interpreted with caution until replicated in preregistered studies.

In conclusion, anodal tDCS of SM1 contralateral to the stimulated hand may induce long-lasting changes in pain thresholds. This effect appears to depend on the location of the anodal wire connector when using rectangular electrodes. Specifically, greater pain modulation may be achieved when the connector is aligned in a superior-medial direction along the central sulcus.
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