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Background and Aims: Chronic pain is a complex clinical condition, often devastating for patients and unmanageable with pharmacological treatments. Converging evidence suggests that transcutaneous spinal Direct Current Stimulation (tsDCS) might represent a complementary therapy in managing chronic pain. In this randomized, double-blind and sham-controlled crossover study, we assessed tsDCS effects in chronic pain patients.

Methods: Sixteen patients (aged 65.06 ± 16.16 years, eight women) with chronic pain of different etiology underwent sham and anodal tsDCS (anode over the tenth thoracic vertebra, cathode over the somatosensory cortical area: 2.5 mA, 20 min, 5 days for 1 week). As outcomes, we considered the Visual Analog Scale (VAS), the Neuropathic Pain Symptom Inventory (NPSI), and the components of the lower limb flexion reflex (LLFR), i.e., RIII threshold, RII latency and area, RIII latency and area, and flexion reflex (FR) total area. Assessments were conducted before (T0), immediately at the end of the treatment (T1), after 1 week (T2) and 1 month (T3).

Results: Compared to sham, anodal tsDCS reduced RIII area at T2 (p = 0.0043) and T3 (p = 0.0012); similarly, FR total area was reduced at T3 (p = 0.03). Clinically, anodal tsDCS dampened VAS at T3 (p = 0.015), and NPSI scores at T1 (p = 0.0012), and T3 (p = 0.0015), whereas sham condition left them unchanged. Changes in VAS and NPSI scores linearly correlated with the reduction in LLFR areas (p = 0.0004).

Conclusions: Our findings suggest that tsDCS could modulate nociceptive processing and pain perception in chronic pain syndromes.
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INTRODUCTION

Chronic pain is one of the most intractable clinical problems faced by clinicians and can be devastating for patients (1). Central pain cannot be fully explained based on somatic or neuropathic processes, relying on changes both in ascending and descending nociceptive pathways (2). Different factors seem to contribute to the chronization of pain, both at cortical and spinal level, including functional reorganization of the cortical sensorimotor maps, thalamo-cortical dysrhythmia and spinal “phenotypic switch” in the expression of neuropeptides (3–6). The complexity and heterogeneity of these maladaptive mechanisms make pharmacological treatments often inappropriate.

Several non-invasive brain stimulation (NIBS) techniques have given evidence to improve pain; cerebellar transcranial direct current stimulation (tDCS), a recent technique of stimulation, has shown promising results for pain reduction (7, 8), while high-frequency repetitive Transcranial Magnetic Stimulation (rTMS) and anodal tDCS applied over the contralateral primary motor cortex (M1) have been suggested as effective non-pharmacological tools for chronic pain (9–13). Among NIBS techniques, a growing body of literature indicate that transcutaneous spinal direct current stimulation (tsDCS) modulates both spinal and supra-spinal excitability (14, 15). Indeed, in the last decades, different studies applied DC stimulation over the thoracic and cervical spinal cord to modulate spinal pathways (16–18) in humans, providing compelling evidence that tsDCS affects somatosensory, motor, and nociceptive spinal circuits (14, 15, 19–21). tsDCS changes not only the conductive but also trans-synaptic efficacy of spinal neurons (21, 22). Although the mechanisms of action are still to be elucidated, tsDCS likely modulates also the supra-spinal excitability, probably in a polarity-dependent manner (23, 24), with anodal tsDCS leading to an impaired intracortical excitability and a functional disconnection between hemispheres (24, 25). In this scenario, Cogiamanian et al. (19) found that anodal tsDCS induced lower limb flexion reflex (LLFR) depression in healthy subjects and confirmed that the non-invasive spinal neuromodulatory technique could modulate central nociceptive signal transmission; therefore, it might represent a complementary therapy to drugs and invasive spinal cord stimulation (SCS) in managing chronic pain.

LLFR is a polysynaptic and multi-segmental spinal reflex that induces a complex flexion synergy of the stimulated limb; it has two main components, formally named RII and RIII, which derive from the activation of the cutaneous A-beta and nociceptive A-delta fibers, respectively (26–28). Guidelines recommend the RIII reflex as the most reliable nociceptive reflex for the assessment of pain treatment efficacy (29); it has also been proposed as a neural window onto the spinal mechanisms activated during locomotion, both in animals (30–32) and in humans (28).

To the best of our knowledge, no study has evaluated to date whether tsDCS modulates the RIII reflex, as a measure of the central nociceptive processing in chronic pain patients. Our aim was to evaluate the use of tsDCS, applied over the spinal cord (spinous process of the tenth thoracic vertebra, the anode) and primary somatosensory cortex (S1, the cathode), as non-pharmacological treatment in patients with chronic pain of different etiologies, by monitoring the effects on the LLFR and clinical scales, as assessed by the Visual Analog Scale (VAS) and the Neuropathic Pain Symptom Inventory (NPSI).



MATERIALS AND METHODS


Subjects

Sixteen patients (aged 65.06 ± 16.16 years, 8 women) with chronic pain have been enrolled in our study. Demographic features are summarized in Table 1. Inclusion criteria were: (1) age 18–70 years; (2) normal score (>24) at the Mini-Mental State Examination; (3) stable presence of pain for at least 5 years, (4) no coexistence of major neurologic, neuropsychological, and psychiatric diseases as confirmed by clinical history and anamnestic interview; and (5) stable pharmacological therapy during the month before the inclusion. Exclusion criteria were as follows: (1) participants who started new medical treatments or physiotherapy within 1 month prior of the recruitment; (2) participants had any history/current signs or symptoms of neurologic or psychiatric disorders; (3) deep brain stimulation implanted patients; (4) pregnancy; and (5) carriers of spinal cord stimulators. The study protocol followed to the Declaration of Helsinki and was approved by the Ethics Committee of the IRCCS Ca' Granda Foundation—Maggiore Policlinico Hospital of Milan. All subjects gave written informed consents before the participation.


Table 1. Demographic characteristics of the subjects.
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Study Design and Experimental Procedures

In this randomized, double-blind, sham-controlled crossover study, each patient underwent sham and anodal tsDCS (2.5 mA for 20 min, once a day for 5 days). Participants were assigned randomly to either group A (active tsDCS first) or group B (sham tsDCS first), using a random number generator. At the next treatment, patients were crossed over to the opposite treatment. Due to the potential carryover effect from crossover design, a washout period of at least 4 weeks was provided between treatments. Clinical (VAS and NPSI) and neurophysiological (LLFR) outcome were assessed before (T0) and at the end (T1) of the 5-day treatment and 1 week (T2) and 1 month (T3) after the completion of the stimulation protocol (see Figure 1). Both subjects and assessors were blinded to the stimulation condition.


[image: Figure 1]
FIGURE 1. Flowchart diagram depicting the flow of participants through study.




Transcutaneous Spinal Direct Current Stimulation

The application of spinal DCS followed key technical features already verified in literature (14, 19, 33, 34). Briefly, patients were asked to lie down on a couch, and tsDCS (2.5 mA, 20 min) was delivered by a programmable stimulator (HDCStim™, Newronika, Italy) connected to a pair of rectangular electrodes; the anode was placed over the spinous process of the tenth thoracic vertebra (from the 10th to 12th vertebra, with the major axis parallel to spinal cord), and the cathode over the somatosensory cortical area (2 cm rear of CZ, according to 10/20 EEG system). The tsDCS electrodes were rectangular pieces of saline-soaked synthetic sponge (7 × 8 cm, 56 cm2). We applied a current density of 0.035 mA/cm2 and delivered a total charge density of 42.8 mC/cm2, below the threshold values reported for tissue damage (35, 36). At the onset of tsDCS, the current was increased for 30 s, and at the offset, it was decreased for 30 s in a ramp-like manner, a method shown to achieve a good level of blinding among sessions (37, 38). For a sham tsDCS, the current was turned on for 5 s and then turned off in a ramp-shaped fashion, thus inducing skin sensations indistinguishable from anodal tsDCS. Assessors and patients were blinded to the tsDCS protocol; patients did not discriminate between anodal and sham condition, neither reported adverse effects as evidenced by the questionnaire developed by Brunoni et al., which was administered to each patient (12).



LLFR Recording

Lower limb flexion reflex (LLFR) was recorded from the left lower limb with patients in a prone position on a bed in a prepared room, with the ankle flexed at 90°. Ag/AgCl surface-capping electrodes placed with patches were used to guarantee the signal was recorded at the same position during all the experiments and ensure a reliable registration. Furthermore, an electro-conductive gel was used under the stimulating electrodes to optimize the passage of the currents and increase patient compliance. The RIII reflex was evoked and recorded from the left lower limb, as described in detail elsewhere (39, 40). Briefly, the recording electrode was placed on the short head of the biceps femoris; the reference electrode was placed on the capital of the fibula; and the earth electrode was placed on gastrocnemius muscle, in an intermediate position between the stimulation and registration site. The stimulation was percutaneous and ipsilateral to the recording side; the electrodes were placed at the retro-malleolar pathway of the sural nerve. Five responses were recorded after a stimulus of 1 ms duration, elapsed by 5–15 interstimulus intervals (ISI) to avoid habituation (27, 41). The signal was subsequently corrected and averaged, and the following parameters were quantified: the RIII threshold (mA), i.e., the minimum current intensity at which the reflection appears, the latencies (ms), and the area (mV*ms) of the main components of the FR (RII and RIII) were assessed. Stimuli with increased intensities were delivered with an interval of 2.5 mA at a time to obtain a repeatable response in three consecutive recordings, with a minimum width of at least 50 μV. The RII response, originated from the sensory activation of the nerve fibers, usually appeared with a lower stimulus intensity compared to RIII, with latency between 40 and 80 ms. Once the RII response was obtained, the intensity of the stimulus was increased until the RIII response appeared. Five responses of FR were recorded with a stimulus intensity set at the threshold 20% higher than RIII. Since the FR is variable, the recording was kept in a constant time of day for all the evaluation time points (T0, T1, T2, and T3). The voluntary EMG activity at rest was monitored by video-audio feedback to ensure the lack of significant muscle contraction during experimental sessions.



Clinical Evaluation

The Visual Analog Scale (VAS) (42) and Neuropathic Pain Symptom Inventory (NPSI) (43) were performed at T0, T1, T2, and T3. The VAS is represented by a 10-cm-long line in which one end indicates the absence of pain (0), and the other end corresponds to the worst pain perceived (10). Each patient was asked to indicate the intensity of his/her level of pain with a line (variable between 0 and 10) at that precise moment. NPSI consists of 12 questions to investigate the different types of pain that a patient feels with a score between 0 and 10 (except for two questions in which the maximum assignable score is 5). The final score was the sum of each question and ranges from zero to one hundred.



Statistical Analysis

Non-parametric analyses were used, as all data sets did not pass the Shapiro–Wilk test for normality (p < 0.05); Mann–Whitney test for each variable was performed on raw data to exclude significant differences at baseline (sham vs. active tsDCS). tsDCS-induced changes in each variable were then assessed by using the Friedman test (non-parametric analysis on paired data) with the main factor “time” (four levels: T0, T1, T2, and T3). In order to disclose significant changes at each time point between anodal and sham tsDCS, a Wilcoxon matched-pairs signed test was then applied. Both the electrophysiological measures and clinical scores were normalized to T0 score before entering the analysis [according to the formula (T1 – T0)/T0 * 100 + 100]. Finally, the Spearman's rank correlation coefficient was used to compare changes in electrophysiological parameters (LLFR) with the clinical outcome. Statistical significance was set at p < 0.05. The data were analyzed using SPSS v. 21.0 for Windows (SPSS Inc.). Neurophysiological and clinical data are expressed as mean ± Standard Error (S.E.).




RESULTS


Neurophysiological Assessment

Mann–Whitney test did not disclose any significant difference between the two groups at baseline, for each variable assessed (p > 0.05). The statistical analysis disclosed that changes both in RIII and FR total area between the two groups were found over time, with anodal tsDCS leading to a marked reduction of both parameters and sham condition eliciting opposite effects (Friedman's test: p < 0.0001 for RIII and p = 0.027 for FR total area) (Table 2; Figure 2). Regarding RIII area, this reduction was observed at T2 (Wilcoxon's test, as post-hoc analysis: p = 0.0043) and T3 (p = 0.0012); FR total area significantly decreased in the anodal compared to sham tsDCS at T3 (Wilcoxon's test: p = 0.03). The sham group showed a significant increase in RII latency from T0 to T3 (Friedman test: p < 0.0001; T0 vs. T3: p < 0.0001) and in RIII area from T0 to T2 (Friedman test: p < 0.01; T0 vs. T2: p < 0.01; Table 2; Figure 2).


Table 2. Neurophysiological results.
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FIGURE 2. LLFR changes. (A) Exemplificative averaged traces of RIII reflex recorded before (T0), at the end of 5 days treatment (T1), and 1 week (T2) and 1 month (T3) after the completion of anodal tsDCS protocol. (B) Changes in RIII area and FR total area between anodal (black bars) and sham (gray bars) conditions. Data are given as normalized to T0 mean ± SE. The statistical significance refers to the comparison between anodal (active) and sham (placebo) stimulation (*p < 0.05; **p < 0.001, Wilcoxon's test post-hoc analysis).




Clinical Outcome

Mann–Whitney test for each raw clinical variable (sham vs. anodal tsDCS) at baseline revealed no statistical difference between the two groups (p > 0.05). The active group significantly changed over time in VAS (Friedman test: p < 0.05) and NPSI (Friedman test: p < 0.0001) scores, with post-hoc pairwise comparison showing a significant reduction for NPSI from T0 to T1 (p < 0.0001) and from T0 to T2 (p < 0.0001). In sham condition, VAS showed significant changes over time, with scores increasing from T2 to T3 (Friedman test: p < 0.01; T2 vs. T3: p < 0.01), paralleled by a worsening of NPSI scores (Friedman test: p < 0.01; T2 vs. T3: p < 0.01) (Table 3; Figure 3). When compared the two stimulation conditions at each time point, VAS was significantly dampened at T3 (p = 0.015, Wilcoxon's), whereas NPSI scores improved both at T1 (p = 0.0012) and T3 (p = 0.0015). Changes in VAS and NPSI scores linearly correlated with the reduction in LLFR areas. Indeed, patients with greater clinical improvement showed a more robust modulation of neurophysiological responses (p = 0.0004, Spearman's rank correlation coefficient).


Table 3. Clinical assessment.
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FIGURE 3. Clinical assessment of pain changes. Left: VAS score changes over time. Right: NPSI score changes over time. Data are given as normalized to T0 mean ± SE. The statistical significance refers to the comparison between anodal (active) and sham (placebo) stimulation (*p < 0.05; **p < 0.001, Wilcoxon's test post-hoc analysis).





DISCUSSION

Our results demonstrated that the use of tsDCS for chronic pain subjects is safe and feasible. All subjects tolerated the stimulation well without dropouts. Anodal tsDCS dampened both RIII and FR total area and improved NPSI scores over time, thus resulting in an overall analgesic effect.

Anodal tsDCS modulates the nociceptive component (RIII) of the LLFR. These findings are in line with the results reported by Cogiamanian et al. (19), showing a significant reduction of RIII area by ~27% after anodal thoracic tsDCS in healthy subjects. In our study, we found a range of RIII area reduction higher than in healthy subjects. The RIII reflex is considered as the most reliable nociceptive reflex to assess the efficacy of pain treatments (27, 44), and it has been shown to be consistently hyperexcitable in some chronic pain conditions, including fibromyalgia (45, 46), Wallenberg's Syndrome (47), and some types of chronic headaches (48–50).

Moreover, it is important to note the high variability in our estimates (expressed by large standard errors). This is partially explained by our small sample size, and also due to the mixed etiologies of chronic pain we included. The overall neurophysiological results reported on neuropathic and chronic pain tend to be heterogeneous, which might suggest RIII changes to be pathophysiology dependent (27). Another important source of heterogeneity might come from the different pharmacological therapies. Results from tDCS studies clearly suggest that several pharmacological classes interfere with neuromodulation with a complex non-linear interaction (51, 52). Therefore, medications may tarnish tDCS effects themselves (51). For example, GABA modulators (e.g., Lorazepam) induced a delayed but prolonged increase of the excitability after anodal tDCS (53), while glutamatergic antagonist agents (e.g., dextromethorphan) abolish the after-effects of both anodal and cathodal tDCS (54, 55).

It has been suggested that RIII reflex variables are correlated with pain-related measurements. For instance, the threshold of the RIII reflex has been shown to correspond to the pain threshold and the area of the reflex to be related to the level of pain perception (27, 56). Our results support this hypothesis, since we found a pain intensity reduction in patients with small RIII area in the anodal condition. The within-group pain reduction was higher and consistent in the anodal tsDCS condition with a range of reduction from −18.2 to −24.58 mm in VAS, which are considered around the minimum change reflecting clinical differences in pain outcome (57). However, the difference between stimulations was not always significant after multiple comparison adjustment. This could be explained by different factors, such as the small sample size, the short duration of the stimulation protocol (5 days), or the heterogeneity of pain etiologies. Indeed, the need of a protocol optimization to identify the most effective tsDCS stimulation scheme for chronic pain (58) has been reported, considering also the different degrees of central sensitization (59) involved in such condition.

Finally, the lack of changes in RII parameters is not surprising, as this component reflects the activation of non-nociceptive, large-diameter fibers, although recent studies have suggested that Aβ terminals are also engaged in the pathophysiology of paroxysmal pain (60, 61).

The pain modulation mechanism of tsDCS remains open to questions. It has been suggested that anodal spinal tsDCS may produce a combination of spinal and supraspinal effects (62). Furthermore, anodal tsDCS can reduce the pain sensitivity associated with nociceptive mechanical stimuli (63) and can modulate temporal summation of pain modulating the activity of wide-dynamic-range neurons (64). Thus, tsDCS could modulate neuronal activity in lemniscal, spinothalamic, and segmental spinal circuits, suggesting glutamatergic, GABAergic, and glycinergic networks involvement (17). Then, tsDCS may ultimately interfere with supra-spinal mechanisms of pain sensitization, comprising the thalamo-cortical dysrhythmia and the maladaptive reorganization of cortical sensorimotor maps. Considering these potential mechanisms of action, we selected the position of the reference electrode in the somatosensory cortex. Parazzini et al. (65) estimated, based on current density simulation, that a cortical reference (attached to Cz) produces a higher magnitude of the current density in the cervical and thoracic regions, and it could improve its physiological effects by the site of action at both the spinal and supraspinal levels. Assuming the expected pain-related maladaptive plasticity in spinal and supraspinal levels, a montage with a cortical reference electrode was applied to maximize the neuroplastic effects of tsDCS in this study.

Moreover, Truini et al. (15) showed a significant decrease of N1 and N2 amplitude of laser evoked potentials (LEP) over the foot, but not over the perioral region after anodal tsDCS over T10. In line with these results, Lenoir et al. (66) reported significant effects of anodal T10 tsDCS over SEP-N2 wave elicited by nociceptive LEP over the foot, but not over the hand nor by non-nociceptive stimuli, suggesting that tsDCS modulatory effects are basically local and influence only the conduction of pain-stimulus coming below the stimulation site. Based on these, it is reasonable to consider the potential influences of the spinal cord injury locations in the design of future studies, as cervical or upper thoracic lesions might not respond the same way as lower thoracic lesions or lesions near the stimulation site.

This study has some limitations. First, the small sample size might have underpowered the study, even though we found neurophysiological and clinically significant results. Second, we included a heterogenous chronic pain population, with multiple neuropathic pain etiologies. The different degree of central nociceptive signal transmission affectation underlying such conditions might have affected the results and reduced the external validity of our findings. Similarly, our patients had stable but different (or even no) pharmacological therapies in place during the study. The different biochemical effects induced by the medications may have affected tsDCS effects, as previously suggested (51, 52).

In conclusion, our findings on anodal tsDCS-induced reduction of nociceptive reflex (RIII reflex area) and pain intensity (although marginally significant) in chronic pain subjects confirm that a non-invasive spinal neuromodulatory technique could modulate central nociceptive signal transmission and pain perception. Thus, tsDCS represents a promising intervention to reduce chronic pain by targeting pain-maladaptive plasticity. Further studies are needed with larger sample sizes, including a more homogenous population, and with optimized study design (double-blinded, parallel design) and stimulation protocols (longer stimulation protocols, concomitant interventions, spinal, and supraspinal biomarkers).
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