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Editorial on the Research Topic
 Combining a non-invasive transcranial stimulation technique with another therapeutic approach: mechanisms of action, therapeutic interest and tolerance




Numerous publications have attested to the therapeutic efficacy of non-invasive neuromodulation techniques, such as repetitive transcranial magnetic stimulation (rTMS) and low-intensity transcranial electrical stimulation (tES), but also peripheral magnetic (pMS) or electrical (pES) stimulation techniques, particularly applied to certain cranial nerves, such as transauricular vagus nerve stimulation (taVNS) or occipital nerve stimulation (ONS). These nerves can also be stimulated invasively (iVNS, iONS) using surgically implanted electrodes and pulse generators. These methods have been used in the treatment of various neurological conditions, such as chronic pain, cognitive disorders, poststroke rehabilitation, or movement disorders. In these different domains, evidence suggests that therapeutic efficacy could be improved by combining neuromodulation techniques with other types of non-pharmacological approaches, such as motor or cognitive tasks or training. In this Research Topic collection, we gathered together nine publications evaluating such a combined strategy in different clinical contexts. They concerned the treatment of various pain conditions (Wandrey et al., Agostinho et al.), even associated with cognitive impairment (Caloc'h et al.), a pure cognitive disorder (Horczak et al.), disorder of consciousness (Zhuang et al.), motor stroke rehabilitation (Wang et al., Qi et al.), dystonia (Bleton et al.), or motor, language, or cognitive enhancement before brain surgery (Boccuni et al.). Concerning the type of neuromodulation technique, publications have addressed the value of tDCS (Wandrey et al., Agostinho et al., Horczak et al., Bleton et al.), tDCS or rTMS (Boccuni et al.), tDCS and taVNS (Zhuang et al.), taVNS or iVNS (Wang et al.), rTMS and iONS (Caloc'h et al.), and tES, rTMS, pES, or pMS (Qi et al.). Complementary techniques were cognitive training (Caloc'h et al.), mirror therapy or behavioral interventions (Agostinho et al., Horczak et al., Qi et al., Boccuni et al.), motor training or rehabilitation (Wang et al., Bleton et al.), local anesthetic infiltrations (Wandrey et al.), or just a combination of two neuromodulation techniques (Zhuang et al.).

First, Wandrey et al. show in a randomized sham-controlled trial that anodal or cathodal tDCS delivered to the primary motor cortex (M1) did not significantly enhance pain alleviation provided by subsequent local anesthetic infiltrations (primarily targeting the sphenopalatine ganglion) compared to sham tDCS in patients with either trigeminal neuralgia or persistent idiopathic facial pain. However, due to a high dropout rate, only a few patients completed the study (six, three, and four patients for anodal, cathodal, and sham tDCS, respectively), which therefore remains inconclusive and warrants further investigation in larger series.

Second, Agostinho et al. review the literature on the value of combining tDCS with other non-pharmacological approaches in the field of pain. These authors specifically highlight their own experience with combining anodal tDCS of M1 and mirror therapy to treat phantom limb pain. They showed that applying this therapeutic strategy at an early stage from the onset of symptoms produced impressive pain relief with long-lasting after-effects. In this perspective article, the authors recommend applying such an intervention at the acute stage of a painful disease, or as early as possible to limit maladaptive plasticity and prevent the chronification of a pain syndrome.

Third, Caloc'h et al. address a clinical condition combining pain and cognitive impairment, secondary to traumatic brain injury. In the reported case, the patient was first treated with bilaterally iONS to relieve chronic refractory headaches (8 years after the head trauma). Two years later, he was treated with a 6-week protocol combining rTMS delivered to multiple cortical sites and cognitive training (CogT) targeting memory, language, and visuospatial functions. Pain relief and cognitive improvement were observed after iONS but the multisite rTMS-CogT protocol provided additional significant improvement on apathy, depression, and anxiety.

Fourth, Horczak et al. show in a parallel randomized sham-controlled study involving 17 participants that active anodal tDCS of the left dorsolateral prefrontal cortex performed prior to sessions of cognitive behavioral therapy (attention task) did not provide significant additional improvement over sham stimulation in treating rumination linked to negative mood. Again, a too small sample size possibly prevented statistical differences between active and sham tDCS-combined protocols from being achieved.

Fifth, Zhuang et al. describe a protocol for a randomized sham-controlled study of the combination of tDCS and taVNS to treat disorders of consciousness. The goal of such a strategy is to enhance bottom-up thalamo-cortical connections using bilateral taVNS and simultaneously increase top-down cortico-cortical connections using high-definition tDCS (HD-tDCS) centered on Pz with four return electrodes placed at Cz, P3, P4, and POz to target the precuneus and the posterior parietal cortex. All patients will undergo a 4-week treatment and will be evaluated on clinical aspects and electroencephalogram (EEG) microstates.

Sixth, Wang et al. report a systematic review of the literature (with meta-analysis) on the efficacy of taVNS or iVNS combined with motor training in the rehabilitation of poststroke upper limb motor dysfunction. Ten trials with 335 patients were included in the meta-analysis. Regarding upper extremity motor function, based on Fugl-Meyer assessment scores, VNS combined with other treatment options had immediate and long-term (1–3 months) beneficial effects compared to that of the control treatment. Subgroup analyses showed that taVNS may be superior to iVNS, that a stimulation frequency set at 20 Hz may be superior to higher frequencies, and that VNS combined with integrated treatment may be superior to VNS combined with upper extremity training alone. Beyond motor improvement, VNS may improve activities of daily living and depression, but perhaps not the overall quality of life. The mechanisms underlying the effects of VNS on motor recovery in stroke patients remain unclear, potentially related to a non-specific modulation of cortical network excitability, which is able to facilitate functional recovery specifically related to the task performed in combination.

Seventh, Qi et al. review the literature on the potential benefits of combining various non-invasive stimulation techniques (tES, rTMS, pES, pMS) with action observation training in poststroke rehabilitation. Furthermore, they discussed how tES or rTMS over the contralesional hemisphere or the lesioned hemisphere combined with pES or pMS of the paretic limbs during motor observation followed by action execution have super-additive effects to potentiate the effect of conventional rehabilitation strategies.

Eight, Bleton et al. report a case series of five patients with cervical dystonia poorly controlled by botulinum toxin injections and treated by repeated daily sessions of anodal tDCS of the cerebellum combined with oriented motor training, specifically developed to treat this clinical condition. The combined strategy produced a more striking and prolonged improvement in dystonia and dystonia-related pain than the application of cerebellar tDCS alone.

Ninth, Boccuni et al. describe a study protocol to assess the value of 10–20 sessions (one or two sessions each weekday, 30-min duration) of “inhibitory” non-invasive brain stimulation (NIBS) protocol (either low-frequency rTMS or mostly cathodal tDCS) coupled with intensive motor, language, or cognitive training session (30-min duration) in a series of patients with brain tumor before the surgical removal. The objective of this protocol is to reduce the activation of the brain regions concerned by the surgery by locally applying inhibitory neuromodulation and to concomitantly promote neuroplasticity and increase the activation of alternative brain pathways by intensive training with specifically adapted tasks. Thus, the goal of this strategy called “neuromodulation-induced cortical prehabilitation” (NICP) is to reduce the functional relevance of cortical areas by applying inhibitory NIBS and then to facilitate their resection with reduced risks of neurological sequelae. The post-surgical assessment will be based on clinical outcomes (motor function, balance, cognitive and language performance, quality of life), as well as on functional neuroimaging and navigated TMS mapping.

This Research Topic collection clearly shows that the non-invasive neuromodulation procedures (tDCS, rTMS, taVNS) that can be used in combination with other nonpharmacological approaches are extremely varied, as are the potential therapeutic indications for these combinations. These publications, although innovative, have significant limitations. There were only two randomized sham-controlled studies and both report negative results of a tDCS protocol (Wandrey et al., Horczak et al.). This may be explained by a small total sample size (13–17 patients), further divided into parallel groups. Another possible explanation is the fact that the complementary therapeutic intervention (local anesthetic infiltration or cognitive behavioral therapy) led to a “ceiling” effect which did not allow to highlight an additional effect of tDCS. In contrast beneficial effects of NIBS procedures (rTMS or tDCS) were reported in two other studies (Caloc'h et al., Bleton et al.), but based on open-labeled single or few case reports. The other articles are points of view, literature reviews or meta-analyses (Agostinho et al., Wang et al., Qi et al.) or study protocol description (Zhuang et al., Boccuni et al.).

In terms of neuromodulation techniques to be used in a combined strategy, there is a preference for tES or taVNS, which can be applied more easily than rTMS, including at home. Invasive procedures, such as iVNS and iONS, were also addressed in the present studies and should not be neglected to promote long-term benefits in clinical practice. An additional interesting point is also the timing of the intervention, an early application being particularly promising as suggested by Agostinho et al..

The efficacy of non-invasive neuromodulation techniques could be increased in the future by additional improvements, such as a better definition of indications, the personalization of targeting (including new targets), or the optimization of maintenance protocols. The simplification of procedures, the portability of the devices, and their lower costs will also contribute to their diffusion among patients.

Such combined protocols in any case present a good safety profile, but they need to be better standardized and better evaluated, as the available scientific data still remains largely insufficient. The publications of this Research Topic collection do not yet make it possible the establishment of good practice recommendations regarding any of these combined therapeutic approaches. This of course underlines the importance of new controlled studies on larger sample sizes to confirm the potential benefits of such treatment combinations in the different indications described in this Research Topic, but also very probably in many others which will emerge in the near future.
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In the past decade researchers began to assess the potential beneficial effects of non-invasive brain stimulation (NIBS) combined with a behavioral task as a treatment approach for various medical conditions. Transcranial direct current stimulation (tDCS) applied to the motor cortex combined with another treatment approach has been assessed as analgesic treatment in neuropathic and non-neuropathic pain conditions, and was found to exert only modest pain relief. Our group results show that combined tDCS and mirror therapy dramatically reduced acute phantom limb pain intensity with long-lasting effects, potentially preventing pain chronification. A review of the scientific literature indicates that our approach differs from that of others: We applied the intervention at the acute stage of the disease, whereas other studies applied the intervention in patients whose disease had already been established. We suggest that the timing of administration of the combined intervention is critical. Unlike in patients with chronic painful condition, in which the maladaptive plasticity associated with pain chronification and chronicity is well-consolidated, early treatment at the acute pain stage may be more successful in counterbalancing the not-yet consolidated maladaptive plasticity. We encourage the research community to test our hypothesis, both in the treatment of pain, and beyond.

KEYWORDS
 neuromodulation, non-invasive brain stimulation, combined therapy, analgesic therapy, mirror therapy


1. Introduction


1.1. Transcranial direct current stimulation (tDCS) for the treatment of pain

Although the use of electrical currents for medical treatment has been documented historically (1–3), technological developments in recent decades have enabled the use of electrical-based non-invasive brain stimulation techniques, such as transcranial magnetic stimulation and transcranial direct current stimulation (tDCS), to alleviate various symptoms, such as depression and pain. This perspective article focuses on the combination of tDCS plus an additional non-pharmacological neuromodulatory treatment aimed at relieving pain.

tDCS is believed to exert its effects by modulating the resting membrane potential of a neuron and thereby changing the threshold for generating action potentials (4). Anodal motor cortex stimulation is a common montage often tested for the treatment of pain. The analgesic effect of anodal tDCS of the motor cortex was proposed to originate from local and connectional effects in remote cortical and subcortical areas through enhanced neuronal excitability. Current evidence suggests that M1 stimulation modulates thalamic and somatosensory activity by descending corticothalamic pathways, brain areas of the fronto-striatal circuit, limbic brain areas, and the periaqueductal gray [i.e., (4–6)].



1.2. Combining tDCS with other non-pharmacological neuromodulatory approaches

Although the past 20 years have seen much research on the effects of tDCS on both the brain and pain (7), the accumulated results of the early investigations highlighted only modest and short-term analgesic effects. More recently, researchers hypothesized that combining tDCS with another neuromodulatory treatment could enhance analgesic effects (7–11).

To address this hypothesis, researchers began to explore the analgesic effects of such combined treatments in various pain indications, including phantom limb pain (12–14), neuropathic pain (15–23), complex regional pain syndrome (24, 25), fibromyalgia (26–33), headache (34), chronic musculoskeletal pain (35), chronic low-back pain (36–40), knee osteoarthritis pain (41–45), temporomandibular disorders (46), burning mouth syndrome (47), chronic visceral pain (48), neurogenic pain (49), myofascial pain (50, 51), tendinopathy (52), and radiculopathy (53) (Table 1).


TABLE 1 Painful indications and the neuromodulatory approaches used in combination with transcranial direct current stimulation (tDCS).

[image: Table 1]

The other neuromodulatory approaches that were combined with the tDCS could be grouped into 4 categories: The first category includes mirror therapy (12–15), visual illusion (16–18, 22) and motor graded imagery (24). These three interventions are sharing similar characteristic—in all these behavioral tasks the participants receive (or imagine) visual input (with, or without additional sensory-motor input) that is assumed to counterbalance the maladaptive plasticity associated with the painful condition. The second category of neuromodulatory approaches includes different exercises (20, 26, 27, 33, 36, 41, 46, 47, 51, 52, 54), in which participants were requested to use a treadmill to perform aerobic exercise or to produce a series of movements specifically intended to increase mobilization, strength and endurance of a painful limb. The therapeutic effects of these exercises are assumed to be produced via modulation of several systems, such as enhancement of corticothalamic excitability, and motor and attentional areas, increase in activity of the descending pain modulatory system and release of dopaminergic and endogenous opioids (58–60). The third category of neuromodulatory approaches comprised of other physical therapy interventions, included the use of transcutaneous electrical nerve stimulation, intramuscular electrical stimulation, mobilization through physical therapy, among other similar techniques, (25, 28, 34, 35, 37–39, 43, 45, 48–50, 53, 55, 56). These approaches assumed to activate descending pain inhibition systems and promote the release of endogenous opioid mechanisms (45, 61–63). The fourth category includes cognitive/behavioral interventions, in which participants perform cognitive tasks such as attentional, memory, executive functioning tasks, mindfulness-meditation, or breathing interventions which are also related to attention processes, processes that are commonly impaired in chronic pain patients (21, 29, 30, 32, 40, 42, 47, 57). These tasks target brain regions such as dorsolateral prefrontal cortex and limbic brain areas, that process cognitive and emotional demands of painful stimuli and exerts a role in modulating pain perception and related emotions (64–70). Summary of all neuromodulatory interventions that were assessed in conjunction with tDCS for the treatment of pain are summarized in Table 1.



1.3. Combined treatment at early stage of the painful condition

In a paper published by our group (12), we compared the effects of mirror therapy stand alone or with either real or sham tDCS on phantom limb pain. The study included 30 lower limb amputees who had been amputated up to 8 weeks previously and who were in the acute phase of phantom pain. Participants were randomized into 1 of the 3 groups (mirror therapy, mirror therapy + sham tDCS, mirror therapy + real tDCS) receiving 10 sessions (5 per week). They were assessed at baseline, at the end of the intervention, and 1 and 3 months thereafter, with the change in pain intensity between baseline and 1 month following the end of treatment predefined as the primary end-point.

The analgesic effects seen in our study were overwhelming (Figure 1). 3 months after the end of the treatment, the combined-treatment group experienced a robust analgesic effect, with mean pain reduction of 5.4 ± 2.6 points (on a 0–10 scale), and in percentage of change, about an 80% reduction), significantly more than the other 2 study arms. The analgesic effects were so large that it virtually eliminated the development of chronic phantom pain, with 90 and 80% of participants reporting pain of ≤2/10 at 1 and 3 months after the end of treatment, respectively. The analgesic effects in the two control arms were, in line with the literature, only modest, leaving the participants with significant phantom pain (>5/10) 3 months after the end of treatment.


[image: Figure 1]
FIGURE 1
 Phantom pain intensity at baseline, across treatment weeks and up to 3 months following the end of treatment. W1, during 1st week of treatment; W2, during 2nd week of treatment; W3, 1st week following end of treatment; W6, 1-month following the end of treatment; W14, 3-months following the end of treatment. tDCS, transcranial direct current stimulation; NPS, numerical pain scale. Error bars represent the Standard Error of the Mean (SEM).





2. Hypothesis

While most methodological aspects of our study were identical or similar to all the other studies that tested the effects of tDCS combined with other neuromodulatory therapy, there was one clear distinction: our study was the only one in which the patients were at the acute stage of pain. Hence, the unprecedented huge analgesic effects seen in our study might be attributed to this characteristic—the short time between the onset of the phantom limb pain and the administration of the therapy. All the other studies included chronic pain patients—that is, those who had been experiencing pain for a long time, sometimes even years or decades.

To gain more insight on our hypothesis, we searched the literature for all relevant studies that used similar treatment approaches, including mirror therapy, visual illusion, and motor graded imagery combined with tDCS. We summarized the relevant studies results in Table 2. To support a fair comparison, only studies in which 10 treatment sessions (or more) were administrated were included in the table. The indications included in the table consist of phantom pain, spinal cord injury, neuropathic pain due to traumatic brachial plexus injury, and complex regional pain syndrome. While our study included only participants who were amputated < 8 weeks previously, all the other studies included only patients with chronic pain. Treatment characteristics were similar: All the studies except ours used anodal motor cortex stimulation at 2 mA. Our study used 1.5 mA in an attempt to support blinding. To compare the clinical effects of adding tDCS to the other therapy, we gathered the means (and standard deviations) of pain scores before (at baseline) and after each study arm. Whenever possible (not all studies included the two relevant study arms), we calculated the analgesic effects in terms of standardized effect sizes (Cohen's d), as follows: the change in pain in the combined treatment (real tDCS plus real other intervention) minus the change in pain in the sham tDCS plus real other intervention, divided by their pooled standard deviation.


TABLE 2 Comparison of the analgesic effects among similar studies of tDCS combined with other therapies for pain.
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In our study, at 1 month following the end of treatment, the analgesic effects were approximately twice as great as those found in the other studies. On the 0–10 scale, phantom pain intensity was reduced by an average of 6.2 points. Our study also showed much larger standardized effect size than did the other studies, except Soler et al. (17), which demonstrated similar effect size. Although Soler et al. (17) found modest average reductions in pain in the combined-treatment arm (−2.2 points on the 0–10 scale), they observed no change at all in the control arm. The lack of any pain reduction in the control produces a huge calculated effect size. In contrast, in our study, the reductions in pain in the 2 control arms were, as expected, in the magnitude of 2 and 3 points on the 0–10 scale in the mirror therapy alone and in the mirror therapy plus sham tDCS, respectively.



3. Discussion

To conclude, the data summarized in Table 2 support further investigation of our hypothesis. The analgesic effects of non-invasive brain stimulation combined with other neuromodulator treatments seem to be much stronger when the interventions are administrated at an early phase of the condition. Given that the comparison derived from Table 2 is descriptive rather than statistical, the results of this preliminary investigation should be regarded as a hypothesis generator. At the early onset of the painful condition—the acute stage—the abnormal neuroplasticity that is associated with the development of a chronic pain condition might not yet have been consolidated. By enrolling patients as early as possible after their pain develops, we might be at a favorable window of opportunity to counterbalance the abnormal neuroplasticity.

The rationale for our hypothesis assumes that after a longer period of pain, the abnormal neuroplasticity that is seen in various painful indications is already consolidated (71, 72) and might be resistant to changes. In contrast, at the acute phase, the central neuroplastic changes have not yet consolidated and are more easily reversed or even prevented. The importance of conducting neuroplasticity-related treatments soon after an injury is well-accepted in the rehabilitation arena, such as in treating post-stroke movement disorders (73). Interestingly, already 20 years ago, McCabe et al. (74) found that the analgesic effects of mirror therapy in complex regional pain syndrome are better when administrated at an early stage (< 8 weeks after onset of pain) than when administered later (1 year or more) (74).

Given the currently inadequate treatments for phantom limb pain and other chronic painful conditions, the healthcare field urgently needs therapeutic interventions to prevent chronicity. A clearer understanding of how maladaptive plasticity is related to the development of chronic pain and how neuromodulation interference at the acute stage can prevent it will pave the way toward a new era of pain treatment: clinical adoption of neuromodulation targeting dysfunctional networks. We encourage the relevant research community to test our hypothesis and to assess the benefits of combined neuromodulatory approaches at earlier time-points of symptoms duration, whenever possible, both in the field of pain and beyond.
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Background: Some patients with neuralgia of cranial nerves with otherwise therapy-refractory pain respond to invasive therapy with local anesthetics. Unfortunately, pain regularly relapses despite multimodal pain management. Transcranial direct current stimulation (tDCS) may prolong pain response due to neuro-modulatory effects.

Methods: This controlled clinical pilot trial randomized patients to receive anodal, cathodal or sham-tDCS stimulation prior to local anesthetic infiltration. Pain attenuation, quality-of-life and side effects were assessed and compared with historic controls to estimate effects of tDCS stimulation setting.

Results: Altogether, 17 patients were randomized into three groups with different stimulation protocols. Relative reduction of pain intensity in per protocol treated patients were median 73%, 50% and 69% in anodal, cathodal and sham group, respectively (p = 0.726). Compared with a historic control group, a lower rate of responders with 50% reduction of pain intensity indicates probable placebo effects (OR 3.41 stimulation vs. non-stimulation setting, NNT 3.63). 76.9% (n = 10) of tDCS patients reported mild side-effects. Of all initially included 17 patients, 23.5% (n = 4) withdrew their study participation with highest proportion in the cathodal group (n = 3). A sample size calculation for a confirmatory trial revealed 120 patients using conservative estimations.

Discussion: This pilot trial does not support series of anodal tDCS as neuro-modulatory treatment to enhance pain alleviation of local anesthetic infiltration series. Notably, results may indicate placebo effects of tDCS settings. Feasibility of studies in this population was limited due to relevant drop-out rates. Anodal tDCS warrants further confirmation as neuro-modulatory pain treatment option.

KEYWORDS
tDCS, chronic pain, neuropathic pain, craniocephalic pain, infiltration series


1. Introduction

Pain in the head-neck area can be debilitating for patients (1). Chronic neuropathic pain in particular can be a relevant factor contributing to global burden of disease (2, 3). First line treatment for patients with neuropathic pain includes medications such as gabapentinoids, duloxetine and tricyclic antidepressants together with adjunctive therapies such as physical and psychological therapy (4–6). Management of these patients can be challenging, and sometimes pain remains refractory to non-invasive treatment (7). In selected patients, interventional procedures provide alternative treatment options (4, 8). Although under debate, infiltration series with ganglionic and nerve blocks are commonly used by pain physicians (9). Results from our previous retrospective study indicate relevant beneficial effects of these infiltration series in multimodal therapy concepts: in a cohort of 83 patients with chronic neuropathic pain in the head-neck area refractory to standard treatment, a reduction of pain intensity on the numeric rating scale (NRS, 0-10) was achieved by mean 3.2 points (SD 3.3, p < 0.001) (10). Furthermore, about half of the included patients achieved clinically relevant improvement in NRS scores with a reduction of pain intensity by 30–50%. In this study, we used infiltrations at sphenopalatine ganglion (SPG), superior cervical ganglion and stellate ganglion, peripheral nerve blocks at occipital nerve and trigeminal nerve as described in the literature (10–12).

Recent fMRI studies support the use of infiltration series, since they change resting state functional activity in domains relevant for pain. Single infiltrations seem to facilitate small network changes (13) which may relate to relatively small clinical effects provided by single interventions (14). For longer lasting effects, repetitions of infiltrations were advocated (13, 15). In contrast, there are only few reported long-term effects on pain (10, 16). This could be due to maladaptive structural plasticity and neuronal reorganization (17). Hence, central modulation of this reorganization in addition to the peripheral infiltration series, is required.

Non-invasive brain stimulation is an emerging field in clinical research (18, 19). Though exact neurobiological mechanisms are still unclear, results from in vitro and in vivo studies suggest long term central changes of repetitive transcranial direct current stimulation (tDCS) mediated by metaplasticity rather than long-term potentiation or depression as discussed earlier in the literature (20). This metaplasticity includes changes in cellular mechanisms [e.g., effects of tDCS on excitatory synaptic efficacy (21)], neurotransmission [e.g., motor cortex excitability (22)] and effects on the neuroinflammatory system [e.g., anodal tDCS induced stimulation of neural stem cell migration and cathodal tDCS induced stimulation of neuroinflammatory response (23)] (20). The use of tDCS may be an option for pain disorders (18), oro-facial pain disorders in particular (24). Treatment with tDCS reorganizes neuronal representation of pain (25) and modulates maladaptive plasticity (18, 26). A recent study suggests changes in maladaptive corticomotor excitability by tDCS and thus leading to anti-nociceptive effects (27). A different approach discusses that the effects on pain by non-invasive brain stimulation are mediated by top-down modulation and restoration of defective endogenous inhibitory pain pathways (28).

tDCS has been used in studies in a variety of conditions focussing on pain, neurological and psychiatric diseases (29). A higher evidence level of recommendation in favor of treatment with tDCS was found for depression, craving and fibromyalgia (29).

Depending on polarity, tDCS either enhances (anodal tDCS) or reduces (cathodal tDCS) motor cortical excitability measured in motor-evoked potentials (MEP) (22, 30). Though anodal stimulation seems more promising, evidence suggests efficacy in pain treatment for both anodal (31, 32) and cathodal (33) tDCS above the M1 area.

Not only the direction of the current but also the electrode montage is critical in tDCS (34). In pain processing, a large network of different pain processing sites is activated and called the pain neuromatrix (32, 33, 35, 36). The superficial parts of the pain neuromatrix include the primary sensory cortex (S1), primary motor cortex (M1), and dorsolateral prefrontal cortex (DLPFC), making them the most common montage settings of tDCS in the literature (30). Compared to anodal tDCS of S1 and DLPFC, M1 stimulation seems to be the best spot to enhance brain excitability (32). Thus, anodal M1 stimulation is the most used and most promising stimulation side (30).

Since it appears to be safe, the use of tDCS additional to other treatment is common (37). For instance, a recent meta-analysis showed moderate to large effects of combined intervention of exercise with anodal tDCS on motor cortex compared to sham and exercise in chronic pain (38). Both, infiltration techniques (13) and tDCS (25, 39) seem to change resting state functional connectivity. Synergistic interactions in neuronal networks are a potential target by tDCS and infiltration series (18). To date, there is no data on a combination of these two interventions on pain intensity.

Therefore, this pilot study was performed to investigate trial feasibility, individual course of pain and pain relief, associated symptoms and side effects of tDCS and subsequent local infiltration series in patients with refractory cranial neuropathic pain syndromes.



2. Materials and methods

This prospective study was conducted in chronic pain patients at the pain outpatient center of the Charité-Universitätsmedizin Berlin, Campus Virchow Klinikum. The department provides clinical care for chronic pain patients and is run by a team of pain specialists, behavioral psychologists and trained pain nurses. All patients treated in the department from June 2016 to March 2019 were screened for eligibility. For inclusion, a clinical diagnosis of a condition according to the ICHD3 [chapter 13. Painful lesions of the cranial nerves and other facial pain, e.g., trigeminal-neuralgia, post-herpetic trigeminal neuralgia, persistent idiopathic facial pain (PIFP)] was mandatory (40). Furthermore, only patients receiving local infiltration series for treatment of these cranial conditions were included. Infiltration series were performed based on judgement of attending physician and following standardized infiltration protocol (11, 41). Infiltration techniques used in this study are reported in detail in a previous study (10).

Exclusion criteria were patients under the age of 18, current reported pregnancy, accommodation in an institution due to an official or judicial order, patients participating in another trial during this study and patients with contraindications for tDCS (e.g., epilepsy, metal implants in stimulation area and implanted defibrillators). Patients fulfilling inclusion criteria were offered to participate in the study to receive additional tDCS application before each local infiltration. Eligible patients were asked for written informed consent. All infiltration series were performed as part of a multi-modal therapy concept following current recommendations (42, 43). This study uses some of the methods of our previous study and thus the methods description partly reproduces their wording (10). This study was approved by the Charité ethics committee (EA1/031/16) and followed the rule of the declaration of Helsinki in its updated 2013 version (44). Moreover, the study was registered (ClinicalTrials: NCT02747758) and applied the CONSORT checklist (45).


2.1. Study design

Patients were planned to receive 10 consecutive sessions of the infiltration and stimulation series with 48–72 h between each session following recommendations for long-lasting after-effects (30, 46–48). Before each session, the attending physician decided in a context-sensitive approach if a continuation of infiltration and thus stimulation series was indicated. If applicable, first tDCS (anodal/cathodal/sham, depending on study group) and afterwards local infiltration was performed. After completion of series, patients were followed-up for 6 months.



2.2. Outcome parameter

The primary outcome parameter was relative pain intensity reduction after completion of therapy series (typically after 2 weeks of treatment) measured in NRS score as a numeric value between 0 and 10. The secondary outcome parameter include absolute and relative pain reduction measured in NRS score after completion of tDCS stimulation vs. initial NRS score measured before stimulation and time until patients need additional regional-anaesthesiological interventions. The number of required regional-anaesthesiological interventions to achieve sufficient pain reduction and the analysis of adverse reaction (skin redness, headache, concentration, other) were other secondary outcome parameter.

We further evaluated patients' conditions, the used blockade technique, the response rate and the effect of sole tDCS stimulation. In addition to that, analyses of side-effects, drop-outs, self-assessment and a post-hoc sample size calculation was conducted.



2.3. Assessment of pain

For pain assessment, two assessment tools were used: the pain assessment protocol for infiltration series and the German Pain Questionnaire [daily report form, version 2007 (49)]. The assessment protocol was the basis of the evaluation of the primary outcome parameter and contained the NRS on an 11-point Likert scale (0–10) for static (at rest) and dynamic (maximum pain in stress) pain before and after tDCS. The German Pain Questionnaire was used both during stimulation and infiltration series and for the Follow-Up. Its core questions are derived from the grading of chronic pain status (50). They consist of four questions on a 11-point Likert scale (0–10): average pain in the last week, maximum pain in the last week, mental distress and impairment in daily activities. Furthermore, the German Pain Questionnaire consists of a question regarding the endurance of pain (1 = not applicable, I have no pain, 2 = I can tolerate it well, 3 = I can just tolerate it, 4 = I can tolerate it badly). For the pain assessment, patients were asked to name the most predominant painful side.



2.4. tDCS

Before each local anesthetic infiltration series, a 20 min tDCS stimulation was performed using the NeuroConn DC Stimulator® with saline soaked, square sponge electrodes (surface 25cm2) similar to Nitsche and Paulus et al. (22, 47, 48) (see Supplementary Figure 1). Following the protocol of Morosoli et al., we placed the anode electrode over the primary motor cortex (M1) contralateral to the most predominant painful side, and the cathode electrode over the contralateral supraorbital area (51). The primary motor cortex is located in the Brodman location 4 (52, 53). Electrode position of C3,4 correlates with Brodman location 4, which is located in the precentral gyms, shoulder to wrist area, caudal to middle frontal gyrus (54). We determined the C3 or C4 placement using the recommendation of Jasper (55).

The patients were divided in three subgroups with either anodal, cathodal or sham stimulation. The same stimulation setting was used in every subgroup. Due to the triple-blinding study design, electrode placement was identical in either anodal or cathodal stimulation group with inverse current flow, depending on study allocation (e.g., anodal stimulation: anode=anode and cathode=cathode whereas cathodal stimulation anode=cathode and cathode=anode).

In the active groups (anodal and cathodal), stimulation started with an initialization phase with increasing current over 30 s. Afterwards, tDCS with 2 mA was applied for 20 min, following a phase with decreasing current over another 30 s. In the sham group, patients received increasing and immediately decreasing current at the beginning and similar application at the end of the stimulation for the purpose of blinding.



2.5. Blinding and randomization

This study was performed in a triple-blinded setting. The patient, the tDCS applying physician and the person performing statistics were blinded to group allocation. Blinding of tDCS was performed using the study mode of the NeuroConn DC Stimulator®. A block-randomization was used with blocks of six to ensure comparable group sizes in case of early stop of the study. Randomization was performed using a computer-generated random list for patient allocation with four blocks with size of six provided by study statistician. After inclusion, patients were treated following the randomization list. For allocation concealment, block sizes and study randomization list were prepared blinded to study physicians.



2.6. Historic control for comparison non-stimulation and stimulation

To explore the intrinsic effect of the stimulation setting, we compared tDCS patients with patients without tDCS obtained in a historic cohort [NCT03066037, report in (10)] with the same infiltration techniques applied in the same outpatient clinic.



2.7. Follow-up

Patients were followed-up at 1, 3, and 6 months after completion of the combined stimulation and infiltration series. Follow-Up was performed via telephone calls using the German Pain Questionnaire [daily report form, version 2007 (49)]. Furthermore, patients' records at the outpatient clinic were screened whether and when study patients received a new infiltration series outside the study after completion of stimulation and infiltration series.



2.8. Statistics

All statistical analyses were performed using SPSS 29. Descriptive data was summarized using mean and standard deviation or median and range depending on scale level and distribution. Analysis of immediate tDCS effect was performed using data from each session. For analyses of statistical significance, NRS-scores were explored using the exact Wilcoxon-signed-rank-test for paired data. To analyse independent groups of ordinal variables, Mann-Whitney-test or Kruskal-Wallis-test was applied, as appropriate. Distribution of continuous data was examined with graphical exploration and Kolmogorov-Smirnov-test. For binary data, Fishers exact test was applied. To describe odds between groups, Mantel-Haenszel estimation was performed. All statistical significance tests used a two-sided alpha level of < 5% and were intended as exploratory in this pilot trial. Similar to previous studies, we defined responders as patients with a pain reduction measured in NRS of at least 50% (9, 10, 16). Patients treated per protocol were included into analysis (n = 13). The study was a priori planned to explore a clinical meaningful difference in pain reduction measured in NRS (0.33 vs. 0.5 pain, SD ±0.1) with a power of 0.8 resulting in a number of 24 patients to be randomized. In 2019, the study was temporarily on hold due to explore unexpected high rates of drop outs (4 out of 17), however, restart of this trial was not feasible due to ongoing restriction to perform studies during COVID-19 pandemic and thus terminated.




3. Results

Altogether, 686 cases presenting at the pain outpatient center of Charité Virchow Klinikum were pre-screened. Most of these patients did not receive invasive treatment. Patients with refractory cranial pain syndromes scheduled for local infiltration series between June 2016 and March 2019 were screened. We identified 36 patients fulfilling inclusion criteria. After excluding 19 ineligible patients, 17 patients were randomized into the three study groups (cathodal n = 6, sham n = 5, cathodal n = 6). Of these, four patients withdrew their study participation. Thus, thirteen patients were included into analysis (Figure 1). Last follow-up ended in May 2019.
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FIGURE 1
 CONSORT chart indicating process of patient recruitment for this study.



3.1. Patients' conditions

Included patients suffered from either trigeminal neuralgia or persistent idiopathic facial pain (PIFP) (basic characteristics, Table 1).


TABLE 1 Basic characteristics for N = 13 patients included with refractory neuropathic pain syndromes in the head-neck area.
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3.2. Blockade technique

Most patients received a blockade at the sphenopalatine ganglion (SPG) n = 11 (84.6%) as main infiltration site. Ganglionic local opioid analgesia (GLOA) infiltration [n = 1 (7.7%)] and infiltrations at the N. occ. major [n = 1 (7.7%)] were seldom reported as main infiltration site. For SPG blockade local anesthetics (2–3 ml bupivacaine 0.25%) was applied via infra-zygomatic injection. For GLOA infiltration, lipophilic opioids and local anesthetics (5 ml 0.5% bupivacaine and 0.03 mg buprenorphine) were injected close to paravertebral cervical ganglions. In patients with mononeuropathic pain patterns, nerve blocks with local anesthetic (ropivacaine 0.2%, 3 ml) were used. Included patients received 2–10 infiltrations and stimulations in a series with median 9 infiltrations and stimulations (IQR 6–10). All 13 per-protocol treated patients received 20 min of tDCS before each infiltration in the series.



3.3. Change in pain

The NRS score before infiltration and stimulation series for per-protocol patients were at median 7 (IQR5.00–9.50). There was no significant difference between dropouts and non-dropouts (p = 0.249). Throughout series, there was a significant overall decrease of NRS scores in treated patients (before median 7 (IQR 5.00–9.50), at the end of series median 3 (IQR 1.00–4.00), p < 0.001; see Figure 2A).
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FIGURE 2
 NRS scores through series without dropouts. (A) Two boxplots indicating NRS max at beginning and at the end of combined infiltration and stimulation series. A significant NRS reduction was achieved (***p < 0.001), n = 13. (B) Three boxplots showing the percentages of reduction of NRS score at the end of infiltration and stimulation series compared to the beginning between blind groups (anodal n = 6, sham n = 4, cathodal n = 3). No difference in reduction was noted (n = 13, p = 0.532).


The NRS scores before intervention were comparable between stimulation groups (p = 0.181). NRS scores decreased in all three study groups throughout series. The anodal stimulation group started with lowest NRS scores before series 5.50 (median, IQR 4.50–7.00) and achieved lowest NRS scores after series 1.00 (median, IQR 0.75–4.00), resulting in the highest relative NRS reduction throughout series of 73.33% (median, IQR 50.00-87.50%). The cathodal stimulation group had higher NRS scores before series 9.00 [median, (IQR 8.00–9.00)] and after series 4.00 (median, IQR 3.00–4.00) and, thus, lowest relative NRS reduction 50.00% (median, IQR 44.44–50.00%). The NRS scores in the sham group before series were 7.50 (median, IQR 4.75–9.50), after series 2.50 (median, IQR 1.25–4.50) and a consequent relative NRS reduction of 68.75% (median, IQR 37.05–78.75%). The relative NRS reduction throughout series did not differ significantly between the study groups (p = 0.532; see Figure 2B).



3.4. Analysis of response

76.9% of patients had a 50% NRS reduction throughout series. Response of 50% NRS reduction was highest in anodal group (83.3%), followed by sham group (75.0%) and cathodal group (66.7%). Differences in response rate were non-significant (p = 0.850). Odds ratio in the anodal group for 50% NRS reduction was 1.667 (CI 0.074–37.728) and in the cathodal group 0.667 (CI 0.025–18.059) compared with sham group.

The time to the event of 50% NRS reduction was at Median 3 sessions (IQR 2–3). The time to event was shortest in the cathodal group (median 2, IQR 2–2), followed by sham (median 3, IQR 2.25–3) and anodal group (median 3, IQR 2.75–3.50). Differences in time to event were not significant between stimulation groups (p = 0.644).

With a response equalling 50% NRS reduction achieved in 75% of patients in the sham group and an odds ratio of 1.667 in the anodal group, the number needed to treat with anodal stimulation as verum treatment equals NNT = 12.



3.5. Course of pain scores throughout series

All three subgroups reported an overall NRS reduction throughout series. Course of reported median NRS scores are indicated in Figure 3.
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FIGURE 3
 Course of median NRS max values throughout series by study group.




3.6. Subgroup analysis of neuropathic pain diagnosis

Overall, 10 patients suffered from trigeminal neuralgia whereas 3 patients had a diagnosis of PIFP. Differences in relative reduction of pain intensity over time were not significant (p = 0.469, see Supplementary Figure 2 and Supplementary Table 1).



3.7. Effect of sole tDCS stimulation

Overall, there was a significant immediate effect of tDCS before performance of local anesthesia on pain intensity: NRS scores were reduced in median 1 point (IQR 0–2; p < 0.001). Nevertheless, no difference between anodal, cathodal or sham stimulation was noted (p = 0.482).



3.8. Post-hoc sample size calculation

Based on the relative NRS reduction throughout series comparing anodal treatment and sham, a sample size calculation for a confirmatory study was performed. A sample size of 93 patients is necessary to achieve level of significance in a confirmatory study. Using a conservative estimation including the drop-out rate of this study with 23.5%, altogether 120 patients would necessary to be randomized.



3.9. Analysis of side-effects

Of included per-protocol treated patients, 76.9% (n = 10) reported some kind of side-effects due to tDCS. A prickling (53.8%, n = 7) or burning sensation (53.8%, n = 7) was the most common side-effect. Mild local pain (15.4%, n = 2) and skin redness (7.7%, n = 1) was reported seldom. No patient reported increased headache due to stimulation. There was no severe side-effect or reported drop-out due to side-effects.



3.10. Drop-outs

Four patients dropped out of the study. One reported psycho-social distress not related to the study as the reason for dropout. One patient reported non-sufficient effect of the infiltration and two did not report a reason. Notably, most patients dropped out of the cathodal (n = 3) group followed by the sham group (n = 1). No patient dropped out of the anodal group.



3.11. Comparison non-stimulation and stimulation

The differences in relative NRS reduction between non-stimulation group (n = 83, Median 44.44%, IQR 0.00–70.00%) and stimulation group (n = 13, Median 66.66%, IQR 47.22–80.00%) were not significant (p = 0.054). A higher proportion of responders with 50% NRS reduction was noted in group with stimulation setting (n = 10, 76.9%) than in non-stimulation group (n = 41, 49.4%, p = 0.079; see Figure 4). This results in an OR of 3.41 for stimulation vs. non-stimulation setting and a subsequent NNT by stimulation setting of 3.63.
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FIGURE 4
 Distribution of responder in stimulation and non-stimulation setting. Bar charts indicating percentage of responder and non-responder with 50% NRS reduction in group with no stimulation setting (n = 83) and in group with stimulation setting (n = 13). Data for infiltration series without stimulation setting was taken from our previous study (10).




3.12. Follow-up analysis

There was no statistically significant difference in tDCS study groups regarding maximum pain measured in NRS at 1 month follow-up time point (p = 0.645), three-month follow-up time point (p = 0.626) and 6 month follow-up time point (p = 0.835). There was as well no statistically significant difference in tDCS study groups regarding average pain measured in NRS at 1 month follow-up time point (p = 0.404), 3 month follow-up time point (p = 0.618) and 6 month follow-up time point (p = 0.632).

At 1 month follow-up, there was a significant difference in mental distress between subgroups with cathodal stimulation group having the highest rating in impairment [anodal median 3 (IQR 0–8); sham median 0 (IQR 0–0); cathodal median 8 (IQR 5–8); p < 0.05]. In both, impairment in daily activities [anodal 0 (IQR 0–5); sham median 1 (IQR 0.25–1.75), cathodal median 5 (IQR 2–5); p = 0.231] and endurance of pain [anodal median 2 (IQR 1.5–2.5); sham median 2 (IQR 1.25–2), cathodal median 3 (IQR 2–3); p = 0.154] cathodal stimulation apparently showed worse scores. At both, 3 and 6 months follow-up, we observed no statistical differences in impairment in daily activities, mental distress and endurance of pain.

In total, three patients received additional local infiltration series outside the study after completion of stimulation and infiltration series. The patients with additional series were equally distributed among the study groups (anodal n = 1, sham n = 1 and cathodal n = 1) and the time to the series (median 12, IQR 11–12) did not differ between subgroups (p = 0.368).



3.13. Analysis of self-assessment

To determine patient blinding, patients were asked in a self-assessment to which group they belong. Group assignment and self-assessment to active or sham stimulation did not show any statistical association (p = 0.429).




4. Discussion

As the main findings of this randomized controlled pilot trial, we observed tDCS to be safe and feasible applied in multimodal pain management and embedded in infiltration series for neuropathic cranial pain. Nevertheless, effect size to potentially achieve a 50% reduction in pain intensity beyond placebo effect was low with an odds ratio of 1.667 and an estimated number needed to treat of 12. Furthermore, we were able to quantify probable intrinsic placebo effects of tDCS setting with an OR of 3.41 and to show effective blinding measures for further trials in this area.

Adjunctive treatment with tDCS in pain disorders is an emerging field in pain research (18). The combination of both infiltration series and tDCS was performed in this pilot study. This approach seemed promising, since changes in resting state functional connectivity in areas relevant for pain was noted after tDCS and local anesthesia infiltration (13, 25, 39). Although there was an overall significant NRS reduction throughout series in this trial, differences of this reduction between study groups did not reach statistical level of significance. Nevertheless, highest proportion of NRS reduction was noted in the anodal tDCS group and thus, might support the use of anodal M1-stimulation 2 mA for 20 min. This finding goes along with other tDCS studies in the field, stating that this stimulation setting seems to be standard treatment in pain studies evaluating tDCS effects (18). Most studies included in a Cochrane-Review used 2 mA stimulation over 20 min. In that review, single tDCS resulted in a reduction in pain intensity of 0.82 (95% CI 0.42–1.2) points, or a percentage change of 17% (95% CI 9% to 25%) of the control group outcome (19).

From our results, an NNT of 12 can be estimated when comparing effects of anodal tDCS vs. sham-tDCS in our specific chronic pain patient population. A randomized clinical trial with 59 participants with tDCS as add-on treatment for bipolar depression showed an NNT of 5.8 in primary outcome defined as a change from baseline 17-item Hamilton Depression Rating Scale (56). This may indicate that effects of tDCS on pain might be lower than effects in other fields. The assumed effect of tDCS in our study in patients with refractory neuropathic cranial pain syndromes goes in line with the results of other studies. Treatment with patient-conducted anodal tDCS has shown beneficial effects in patients with trigeminal neuralgia: pain intensity was significantly reduced after 2 weeks of treatment (anodal 6.7 ± 1.3 (pre) to 5.5 ± 2.3 (post); sham 7.2 ± 1.2 (pre) to 7.8 ± 1.8 (post), p = 0.008) (57). This study by Fitzgibbon et al. highlights another benefit of tDCS: self-applying tDCS by patients themselves and, thus, enhancing self-efficacy (18).

Effects of tDCS on pain could be partly attributed to changes in endogenous inhibitory pathways (28). In a positron-emission tomography study, Garcia-Larrea et al. showed that most changes in cerebral blood flow attributed to electrical stimulation of the precentral gyrus was noted in the ventral-lateral thalamus hypothesizing that this may reflect cortico-thalamic connections (58). Thalamo-cortical connections seem to play a crucial role in pain (59–61). A different approach explains effects by modulation of cortical plasticity (18). A resting state functional MRI study with fibromyalgia patients showed changes in cortical plasticity correlated with pain reduction in both, sham and active tDCS treatment. Hence, it was hypothesized that there might be a placebo response common to both sham and real tDCS (62). This goes together with results of a PET-MRI trial indicating that acute changes in endogenous μ-opioid receptor mediated neurotransmission are produced by sham-tDCS but enhanced at molecular and clinical levels by real tDCS (63). Although reduction of NRS scores throughout tDCS series in our study should be partly attributed to nerve block techniques (10), we could speculate that μ-opioidergic effects being subclinic in single session tDCS (64) might multiply in subsequent tDCS-series. This repetitive stimulation may be necessary to reverse changes in neuroplasticity especially related to chronic pain. The repetition of stimulation is supported by results from animal data of a chronic neuropathic pain model in rats in which repetitive anodal tDCS over the M1 areal had a longer analgesic effect than single stimulus (65). A systematic review on non-invasive brain stimulation in oro-facial pain stated that higher number of sessions seems to be accompanied by more durable effects (24).

A reduction of 50% pain intensity is common as a description for successful treatment and used in this study (9, 10, 16, 66). When compared to previous data of infiltration series without tDCS, responder rate in this tDCS trial was higher, though statistically non-significant (10). This suggests a strong placebo effect, which was calculated with an NNT of 3.6. Therefore, the overlying placebo effect seems to be stronger than the inherent effects provided by tDCS. Furthermore, we found an immediate effect of tDCS on pain intensity which did not differ between cathodal, anodal and sham stimulation. This finding supports the idea of a direct placebo effect mediated by the tDCS setting.

It has been reported that invasive procedures might have more powerful placebo effects than less invasive procedures. Expectancy is one of the most powerful causes of placebo effects. Infiltration and stimulation with tDCS enhances expectations regarding pain relief (67). Furthermore, longer studies with more than six weeks of follow-up seem to have a more profound placebo effect (68). Consequently, study designs need to acknowledge strong placebo effects. Interestingly, worse scoring for cathodal tDCS at 1 month follow-up time-point together with relatively high drop-out rate in this group could be suggestive for a deteriorating influence of cathodal M1 stimulation on pain patients. This could be due to inverse effects of excitability of the underlying cortex of anodal and cathodal tDCS stimulation (22, 29). This inverse effect might also explain the higher rated distress in cathodal group since anodal tDCS has been repeatedly reported to have a beneficial effect on depression (69).


4.1. Limitations

Although providing insights into tDCS for chronic neuropathic pain patients, this pilot study has some limitations. Especially the small sample size in pilot studies limit generalizability of results. Furthermore, individual pain perception differs between patients and other outcome measurements like change in medication would be an interesting variable to include in future protocols (70). In addition to that, the inclusion and exclusion criteria did not cover all possible confounders (e.g., the effects of pain medication). To cover such unmeasured confounders, the study was performed in a randomized-controlled design with included long term data on patients. Another limitation were differences in the baseline NRS among the different study groups. Though statistically not significant, we used relative instead of absolute NRS reduction and a definition of 50% NRS reduction as a clinically relevant response to address these differences. Regarding suitable outcome measurements, resting pain, maximum pain in exertion as well as frequency of pain attacks and change in pain medication should be assessed.

As blinding is a critical issue in tDCS, we observed sufficient blinding provided by the study mode of the NeuroConn DC-Stimulator®. There was no connection noted between the self-assessment of patients and the actual study group. Thus, our results support the use of an increasing and decreasing current at the beginning and end of a sham stimulation to imitate effects of tDCS. This goes with the results of the study by Gandiga et al. who described this sham procedure. In their pooled data analysis including several studies over 3 years with 170 stimulation sessions, there was no difference in the incidence of side-effects between tDCS and sham groups (71). This was contrary to results from a study evaluating differences between sham and active tDCS with 131 patients receiving either type of stimulation; a statistically higher rate of sensory side effects was noted in the active tDCS group (72). Based on our finding, blinding in our tDCS population was sufficient.



4.2. Future directions

Future studies could try to lower the barriers to tDCS application with supervised stimulation at home (18). A different approaches is to combine non-invasive brain stimulation with other non-invasive approaches such as neurofeedback to further enhance possible beneficial effects (73). Not only feedback to the patient but also to the tDCS applying in real-time tool could be a new research direction. Thus ongoing brain activity could provide the base for closed-loop technology allowing the delivery of tDCS specific to an individual's internal state (18). Furthermore, future studies should address the limitations reported in our study including small sample size and unmeasured confounders. A sample size calculation for such future studies, revealed the necessity of 120 patients with refractory neuropathic cranial pain to confirm our findings. This is challenging, since infiltration series are only used in patients refractory to standard treatment and thus performed relatively rarely. In 4 years, a study in an university affiliated pain outpatient clinic reported only 74 patients receiving a ganglionic opioid analgesia (GLOA) at the superior cervical ganglion as an infiltration series (16). These numbers are supported by our previous study performed as well in a university affiliated pain outpatient clinic with 83 patients receiving infiltration series in six-and-a-half years (10). Hence, a confirmatory study could only be performed in multicentre study design.
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Background: As part of repetitive negative thinking (RNT), rumination is a maladaptive cognitive response style to stress or negative mood which can increase the risk of depression and may prohibit complete recovery. Cognitive behavioral therapy (CBT) and transcranial direct current stimulation (tDCS) both proved to be effective in decreasing rumination. However, the combined effects of tDCS and CBT interventions on rumination have not yet been explored. The first aim of this pilot study is to investigate whether the combination of tDCS and CBT has an accumulating positive effect on modulating state rumination. The second aim is to assess the feasibility and safety profile of the proposed combined approach.

Method: Seventeen adults aged 32–60 years, suffering from RNT, were referred by their primary care professional to participate in an 8-week group intervention for RNT (“Drop It”) comprising 8 sessions of CBT. Before each CBT session, patients underwent one double-blinded prefrontal active (2 mA for 20 min) or sham tDCS (anode over F3, cathode over the right supraorbital region) combined with an internal cognitive attention task focused on individual RNT, i.e., online tDCS priming. During each session, the Brief State Rumination Inventory was used to assess state rumination.

Results: A mixed effects model analysis revealed no significant differences between the stimulation conditions, weekly sessions, or their interaction in terms of state rumination scores.

Conclusion: Overall, the combination of online tDCS priming followed by group CBT was found to be safe and feasible. On the other hand, no significant additional effects of this combined approach on state rumination were established. Although our pilot study may have been too small to find significant clinical effects, future larger RCT studies on combined tDCS-CBT treatment protocols may reevaluate the selection of internal cognitive attention tasks and more objective neurophysiological measurements, consider the optimal timing of the combination (concurrently or sequentially), or may add additional tDCS sessions when following CBT.

KEYWORDS
 transcranial direct current stimulation, group cognitive behavioral therapy, rumination, repetitive negative thinking, major depressive disorder, generalized anxiety disorder, NIBS, psychotherapy


Introduction

Repetitive negative thinking (RNT), such as rumination or worry, has been considered to be a transdiagnostic process for mood and anxiety disorders (1, 2). Rumination involves repetitively focusing on negative events and their potential causes and consequences and has been considered to be a maladaptive cognitive response style that can increase the risk of depression (3, 4). Worry, on the other hand, is more often associated with anxiety disorders, and is characterized by excessive and uncontrollable thoughts about potential negative outcomes or events in the future (5–7). Clinical management typically includes psychotherapy (8).

For instance, cognitive behavioral therapy (CBT) has been shown to be an effective treatment for reducing RNT in patients with major depressive disorder (MDD) and generalized anxiety disorder (GAD), this on the individual level but also when offered as group therapy (9, 10). In addition, it has been shown that RNT-focused CBT in particular has a more pronounced effect on RNT than treatments that do not specifically target rumination (11). For example, Watkins and colleagues (12) performed a randomized controlled trial which provided evidence that MDD patients in the rumination-focused CBT group ruminated significantly less compared to those in the treatment as usual group. Recently, Rogiers and colleagues (13) developed a psychoeducational CBT-based group intervention called “Drop It,” specifically for the treatment of RNT. It has proven to be effective in reducing RNT and improving the quality of life for MDD patients, which remain stable up to 9 months after the intervention (14). Brain imaging observations suggest its effectiveness in reducing RNT is associated with increased prefrontal brain perfusion in the left dorsolateral prefrontal cortex (DLPFC) (15). The DLPFC is implicated in regulating affective states and in providing cognitive control over stress and emotional responsiveness (16). In a healthy population, Kühn and colleagues (17) found that DLPFC activation and unwanted self-referent ruminative thoughts were inversely correlated. Crucially, as demonstrated by Jacobs and colleagues (18), adolescents at risk for depressive relapse, who received CBT, showed a significant decrease in connectivity between brain regions related to rumination and cognitive control. Taken together, these findings imply that CBT in general, and “Drop It” intervention in particular, may act by enhancing the top-down cognitive control of negative cognition or emotions (19).

A quite different interventional approach, transcranial direct current stimulation (tDCS), is one of the emerging noninvasive brain stimulation (NIBS) techniques that can also be used to alter RNT. During the application of tDCS, a weak, direct electric current is induced through anodal and cathodal scalp electrodes. Although the exact working mechanisms underlying tDCS are not yet fully understood, it is thought that tDCS exerts its beneficial effects through the induction of polarization shifts on the resting membrane potential (20). These alterations are considered sufficient to bias neural firing, with anodal stimulation locally facilitating cortical excitability and cathodal stimulation impairing it. To modulate cognitive performance and emotion regulation in healthy and neuropsychiatric subjects, the excitability-enhancing anodal electrode is most frequently applied to the DLPFC (21, 22). The cathodal electrode is often placed over a contralateral cephalic region such as the supraorbital region (21). Within the clinical context, the effect of tDCS on reducing rumination on sadness was demonstrated in patients with drug-resistant depression (23). Studies in healthy populations indicate that (even one) left anodal DLPFC tDCS session can attenuate momentary ruminative self-referential thoughts (24, 25) as well as self-attention (26). It is hypothesized that attenuated self-referential attention specifically may be a neurocognitive mechanism through which tDCS reduces emotional reactivity (26).

More recently, NIBS has been used together with cognitive/emotional tasks to increase the clinical effects. This approach is called online stimulation and is based on the activity-selectivity hypothesis (27), meaning that NIBS interventions may depend on the neural targets that are activated through cognitive tasks or therapies at the same time (28, 29). For instance, the combination of rTMS and psychotherapy in MDD yields higher remission rates than psychotherapy alone (30). Furthermore, as demonstrated by Brunoni and colleagues (31), the combination of tDCS and cognitive control therapy is beneficial for elderly depressed patients. Similarly, in a healthy population, the combination of a neuropsychological task with tDCS has been proven to more effectively improve specific cognitive functions (32, 33) such as counterfactual thinking (34). Therefore, activating, i.e., priming, target areas with RNT during active (as compared to sham) tDCS may yield higher benefits from the CBT.

Currently there are no studies that have evaluated the potential positive or negative effects of online tDCS priming combined with a CBT-based intervention on rumination. The aim of the present pilot study is to explore whether the combination of online active or sham tDCS priming, followed by group CBT “Drop It” treatment, is feasible and safe. Moreover, we hypothesized that priming rumination-related neurocircuits with an internal cognitive attention task focused on individual RNT combined with active (as compared to sham) tDCS prior to the group CBT “Drop It” sessions, would result in supplemental decreases of RNT in terms of reducing state rumination.



Methods


Participants

Eighteen participants (88% females), divided into two groups of nine participants each, participated in this study (M age = 44.8; SD = 8.9), however 17 were included in the final analysis as one participant was absent during more than two sessions (n active = 9). One of the inclusion criteria for participation in the study was that participants were already in mental health care treatment (psychiatrist, psychologist or general practitioner), seeking treatment for rumination - whether or not as part of a MDD or GAD diagnosis - and were referred by their treatment provider to “Drop It” (13, 35) – a psychoeducational CBT-based group intervention for RNT - at the Ghent University Hospital. As compensation for their participation in the study, participants were not charged for the “Drop It” intervention. All participants were between 32 and 60 years old. Habitual treatment use was allowed but kept at a steady dose during the entire experimental trial. Participants were excluded from the study in case of pregnancy, skin conditions in the skull area, use of implanted medical devices (such as a pacemaker), concentration difficulties, no motivation for weekly homework, no intention of weekly attendance, cognitive impairments, substance abuse, suicide risk, the diagnosis of obsessive–compulsive disorder or severe depression. All exclusion criteria were assessed by a psychiatrist during an intake interview using the Mini International Neuropsychiatric Interview [MINI (36)] as well as the Hamilton Depression Rating Scale [HDRS (37)]. The HDRS scores were collected as part of baseline measures and no participants were excluded based on cut-off scores. After the intake, participants were asked to fill in the Leuven Adaptation of the Rumination on Sadness Scale [LARSS (38)] and Penn State Worry Questionnaire [PSWQ (39)] at home. Before the experiment, the participants signed a written informed consent form. The study was approved by the Ethical Committee of the University Hospital of Ghent University (UZ Gent).



Transcranial direct current stimulation

Stimulations were performed using a Soterix mini-CT tDCS device, which allows the double-blinding of the tDCS stimulation condition by providing individualized numeric codes. The anode was placed over the left DLPFC, located using the Beam F3 algorithm (40). Based on the distances between nasion, inion, tragus and vertex as landmarks, this algorithm estimates the coordinates for F3, resembling the left DLPFC (41). This area was selected based on our previous NIBS research in similar samples, targeting this exact same spot (29, 42). The cathode was placed on the right supraorbital region by placing the electrode 1 cm above the right eye. A current of 2 mA was delivered through carbon rubber electrodes of 4.5 × 4.5 cm that were covered by specially designed sponges soaked in a saline solution. During the active stimulation, there was a 30 s ramp-up period, followed by 20 min of stimulation, with a ramp-down of 30 s at the end. For sham tDCS, the current was directly ramped down after the initial ramp-up phase (43).



Online tDCS

Online tDCS is defined here as the performance of an internal cognitive attention task focused on individual RNT concurrently with 20 min of stimulation. This task was adapted from the sixth session of the “Drop It” intervention (i.e., the mindfulness-based attention exercise, see the description of the “Drop It” intervention below). To guide this task, the patients listened in group to an audio recording. The following fragment is the transcript of the audio recording (translated from Dutch):


I want to ask you to visualize yourself in a situation which initiates worrying. What do you see? Where are you? What is happening? Who is involved? Which thoughts are running through your mind? Do you feel something in your body? How would you label these experiences? Are they associated with emotions? What would you call these emotions? What do you do? Stay with your attention to what you think and feel, no matter how annoying these thoughts or feelings are.
 

The audio recording started to play simultaneously with the start of the stimulation and lasted for 15 min. The last sentence (“Stay with your attention …”) was given at 15 min and as a consequence, for the last 5 min of the stimulation, the patients were instructed to stay with their feelings. Online tDCS was implemented before each weekly group CBT intervention “Drop It” (see “Drop It” and Figure 1).
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FIGURE 1
 Overview of the study procedure. BSRI, Brief State Rumination Inventory; tDCS, transcranial direct current stimulation; CBT, cognitive behavioral therapy.


Importantly, this online tDCS procedure acted as ‘primer’ for the subsequent CBT intervention “Drop It.”



Drop It

The “Drop It” intervention consists of seven weekly group sessions (groups of up to 10 patients) and a follow-up session 1 month after the seventh session. All sessions lasted 90 min, were guided by CBT-trained psychotherapists and had a well-defined, following structure. All sessions started with a mindfulness-based attention exercise (15 min). Subsequently, a group discussion of the homework (15 min) followed by a “brain-talk” about relevant brain structures and neural circuits (15 min) took place. Lastly, a RNT exercise followed by a discussion (30 min) and a homework task (10 min) concluded the session. All participants received a manual for self-guided help explaining all exercises and homework tasks and a CD containing the attention training exercises. For a detailed description of the intervention see 13.



Procedure

Half of the participants were randomized to receive active tDCS, whereas the other half received sham tDCS. Both groups attended the same CBT sessions to minimize group effects. To assure effective blinding, numeric codes were generated by the tDCS, where each code represented either active or sham stimulation. Every patient had a unique code assigned to them. Patients were required to enter the code in the tDCS device in order to start the stimulation. Patients and the psychotherapist were blinded for tDCS devices conditions until the end of the study. Stimulation was applied during the internal cognitive attention task focused on individual RNT. Subsequently, the tDCS setup was removed and the participants proceeded with the “Drop It” session as described above. During each session, participants were asked to fill in the Brief State Rumination Inventory [BSRI (44)] at three time points: before (A) and after (B) the stimulation as well as at the end of the “Drop It” session (C) (see Figure 1). Given that the first tDCS group CBT session was considered a practice session, these data were not included in the statistical analysis.



Questionnaires


Hamilton depression rating scale

The HDRS is a standardized clinical interview developed to assess the severity of depression. Higher scores suggest higher levels of symptoms of depression (range 0–52). In the current study, the Dutch version of the 17-item HDRS was used (45). The calculated internal consistency was rather poor (Cronbach’s alpha = 0.57) in the current study. In general, the HDRS’ Cronbach’s alpha varies between 0.46 and 0.97 (46).



Leuven adaptation of the rumination on sadness scale

Leuven adaptation of the rumination on sadness scale is the Dutch version of the Rumination on Sadness Scale [RSS (47)]. It contains three original subscales from the RSS (minus four items) as well as eight new items. This questionnaire contains 21 items, which are scored on a 5-point Likert scale, ranging from 1 (‘totally not’) to 5 (‘very often’). Higher scores indicate higher levels of rumination (range 21–105). The internal consistency of the three subscales ‘Causal Analysis’, ‘Understanding,’ and ‘Uncontrollability’ is good to excellent, with Cronbach’s alpha of, respectively, 0.87, 0.85, and 0.91.



Penn state worry questionnaire

The PSWQ consists of 16 items that assess the general disposition to worry. Participants rate statements about worry on a scale of 1 (‘not at all typical of me’) to 5 (‘very typical of me’). Higher scores suggest a higher level of worry (range 16–80). In this study, the Dutch version of the questionnaire was used (48, 49) which has good internal consistency (Cronbach’s alpha between 0.83 and 0.86).



Brief state rumination inventory

The BSRI is a self-report questionnaire designed to measure RNT at the time of answering. The questionnaire consists of 8 items, each scored on a 100-mm VAS ranging from 0 (‘completely disagree’) to 100 (‘completely agree’). Higher scores indicate higher state rumination. In the current study, the Dutch version of the BSRI was used which has good internal consistency (Cronbach’s alpha = 0.89).



Tolerability and safety

Stimulation tolerability was assessed using a custom in-house developed questionnaire. At the end of each “Drop It” intervention, patients were asked to answer eight questions concerning transient hyperactivity or irritability, transient headache, transient local pain, transient neck pain, transient dental pain, transient tingling, transient changes in hearing, irritation at the site of stimulation. Patients could rate their experiences on a scale ranging from ‘never’ to ‘almost constantly’.




Statistical analysis


Preprocessing

All preprocessing and analyses were performed using R (50) and MATLAB (MathWorks, Natick, MA). The data and the analysis code are publicly available at https://osf.io/4xtgr/.

One participant was excluded from further analysis due to absence during more than two sessions, resulting in 17 participants included in the final analysis. Subsequently, missing data was explored and visualized. Fifteen point 3% (15.3%) of the data was missing. Little’s Missing Completely at Random (MCAR) test was non-significant, χ2 = 173.37, p > 0.5, suggesting that the pattern of missing data was missing at random. Consequently, to handle missing values, a prediction model, i.e., multiple imputation method, using the ‘mice’ package (51) with default settings, was applied. The ‘mice’ function uses a Multivariate Imputation by Chained Equations (MICE) method to impute missing values. This method works by creating multiple imputed datasets and then pooling the results together. For sample characteristics, only complete questionnaires were considered. For the exploratory analysis using MATLAB, the amount of missing data for each participant was included as a one of the covariates. Finally, Δ (delta) rumination scores were calculated as the difference between BSRI scores at the end of the “Drop It” session and before the stimulation, i.e., C-A (cf. supra).



Analyses

Sample characteristics and potential group differences were explored using independent sample t-tests and Fisher’s exact test.

A mixed effects model was fitted using package ‘lme4’ (52) to investigate the relationship between Δ rumination scores (M = −13.24, SD = 286.24, range = −613 – 503) and the tDCS condition, CBT session as well as the interaction between the two. By-participant random intercepts were included to model individual differences with respect to rumination scores. Results of the model are reported using type III Wald chi-squared statistics. After fitting the model, the normality, linearity, homoscedasticity and multicollinearity assumptions were tested. No obvious violations were observed.

For the exploratory analysis, a one-way ANCOVA was used to determine whether Δ rumination scores, averaged across seven sessions, differed significantly between the active and the sham tDCS group. Age, gender, and the amount of missing data were included as covariates. A statistical significance level of p < 0.05, two-tailed, was adopted for all statistical tests.





Results


Sample characteristics

Participants were randomly assigned to an active tDCS (n = 9, 78% female, Mage = 48.56, SD = 8.49) or sham condition (n = 8, 100% female, Mage = 40.50, SD = 7.62). There were no significant baseline differences between the two conditions in terms of age [t(15) = 2.06, p = 0.06], gender (p = 0.47, 95% CI = [0.001, 5.91]), HDRS scores [t(13.19) = −0.006, p = 0.99], LARSS scores [t(13.44) = 1.22, p = 0.25], PSWQ scores [t(11.69) = 0.43, p = 0.68], diagnosis (p = 0.33), pharmacological (p = 0.37) or psychological treatment (p = 1, 95% CI = [0.07, 7.55]) (see Table 1). Patients were not able to correctly guess their assigned stimulation condition as the percentage of correct guesses was below chance (42%), indicating that blinding was effective. However, due to practical reasons, only a subset of participants was asked about guessing the stimulation condition.



TABLE 1 Baseline demographic and clinical characteristics of patients in the active versus sham tDCS condition.
[image: Table1]



Rumination scores

The mixed effect model did not reveal significant effects of condition [χ2(1,115) = 0.19, p = 0.66], session [χ2(6,110) = 7.50, p = 0.28] or the interaction between the two [χ2(6,110) = 1.04, p = 0.98] on Δ rumination scores (Figure 2).

Additionally, Δ rumination scores were also calculated for the difference between BSRI scores after the stimulation and at the end of the “Drop It” session, i.e., B-A. However, no significant differences were found either [condition χ2(1,115) =0.05, p = 0.83], session [χ2(6,110) = 5.18, p = 0.52], interaction between the two [χ2(6,110) =2.07, p = 0.9].
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FIGURE 2
 The distribution of the difference in post-CBT and pre-tDCS rumination scores.




Exploratory analysis

The one-way ANCOVA revealed no significant difference in the averaged Δ rumination scores between the two groups [F(1,13) = 0.80, p = 0.38]: after receiving 8 sessions of CBT, patients in the active tDCS group (M = 21.89, SD = 92.49) did not ruminate less compared with the sham group (M = −16.43, SD = 58.97; see Figure 3).
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FIGURE 3
 The difference in the averaged Δ rumination scores (i.e., the mean of the value C-A) across session 2–8 between the active and sham group.




Tolerability and safety

No severe short-term adverse effects were reported during the study. Long-term effects were not assessed. Participants mostly reported irritation at the site of stimulation, transient tingling, and transient headache, which is in line with previously described adverse effects of tDCS (53). Due to practical reasons, only a subset of patients was asked to fill in our tolerability questionnaire. However, given the preliminary results as well as just one drop out throughout the whole study, it seems reasonable to deduce that the combination of group CBT and tDCS was well tolerated.




Discussion

In this pilot study, we have evaluated a novel therapeutic approach aimed at reducing rumination by combining an internal cognitive attention task focused on individual RNT and tDCS, i.e., online tDCS priming, with a CBT-based group intervention “Drop It.” A sham-controlled online tDCS priming followed by CBT-based group intervention was conducted in 17 depressed and/or anxious patients who mainly suffered from RNT. Statistical analysis showed no significant additional effect of online tDCS priming with group CBT on state rumination. Given no reports of severe adverse effects and just one drop out, the combination of group CBT and tDCS seems feasible, well-tolerated and safe. The minor adverse effects reported by the participants pertained to transient events and were fully in line with previously described adverse effects of tDCS. Although we were unable to detect significant differences in state rumination scores between the tDCS groups, our current findings indicate that focusing on RNT during tDCS does not negatively impact (group) CBT.

Besides the relatively small sample size, the lack of additional effects of online tDCS priming is puzzling. Firstly, it could be that the amount of primed tDCS sessions was critically too low (seven tDCS sessions over 7 weeks time and one follow-up session). Martin and colleagues (54) examined the efficacy of tDCS combined with cognitive emotional training and demonstrated significant antidepressant efficacy. However, tDCS administered during cognitive emotional training was applied three times a week for 6 weeks. In a group of alcohol dependent patients, Dubuson and colleagues (55) found that five consecutive daily sessions for 4 weeks combined with alcohol cue inhibitory control training resulted in better clinical outcomes. Although it is difficult to directly compare studies due to methodological differences, it could be that one online tDCS priming before CBT, applied on a weekly basis, is simply not sufficient to elicit meaningful clinical differences. Similarly, although the choice of the stimulation zones in the current study (anodal left prefrontal - cathodal right supraorbital) was based on our previous research (29, 42), it could be that in the present context they were less suitable. Secondly, it is possible that using a cognitive attention task focused on individual RNT to prime the neural targets might not have been the most optimal choice. As argued before, we expected that priming rumination-related neurocircuits before CBT with active online tDCS would result in a supplemental decrease of rumination. However, notwithstanding that we could not demonstrate significance, our exploratory analysis – contrasting active and sham primed stimulation over the seven group CBT sessions – is suggestive that active online tDCS priming may result in rumination increments after CBT. It remains an open question regarding the kind of cognitive tasks used during the tDCS stimulation. For instance, Sreeraj and colleagues (56) evaluated the effect of a single session online tDCS on working memory in schizophrenia and found improved working memory performance only in the online sham condition. Moreover, an open question remains regarding the timing of the tDCS/CBT combination that consists of multiple sessions, e.g., before versus immediately after the CBT. Lastly, other negative results of combining tDCS with therapeutic interventions have been documented. For example, tDCS-enhanced inhibitory control training showed no superior efficacy on symptoms of PTSD, anxiety, or depression (57).



Limitations

Besides the relatively small sample size, we did not include clinical post-measurements. Therefore, we cannot claim that the combined active versus sham tDCS priming group CBT intervention yielded additional clinical effects on RNT in these patients. While online tDCS priming did not seem to have an augmenting effect on our primary outcome, being state rumination, we cannot rule out that it still had an effect on the trait of worry and/or rumination. This limits our conclusions about potential beneficial clinical effects of tDCS and all interpretations should be restricted to the state effect of our combined intervention on rumination. Moreover, as the first tDCS group CBT session was considered a practice session, this data was not included in the statistical analysis. However, active and sham stimulation was nevertheless applied, which could have influenced the outcomes of the following sessions. The goal of the practice session was to familiarize the patients with the devices and the structure of the sessions. However, in future studies, when including a practice session, one could consider using the tDCS devices but not turning them on, in order to prevent possible impact on the targeted neural areas. Additionally, the lack of a control condition, e.g., tDCS alone or CBT alone, limits our conclusions about the tDCS intervention.

Furthermore, we used a custom in-house developed questionnaire to assess tolerability. In future studies a standardized questionnaire should be used to assure reliable responses as well as comparability to established norms and/or other studies. Additionally, the use of only a subset of the total sample size (due to practical reasons) limited statistical options of analyzing side-effects to quantify tolerability. Similarly, asking all participants about guessing the stimulation condition, instead of only a subset, should be assured in future studies.

Finally, besides the idea that other stimulation methods, such as rTMS, could have been more appropriate, it could also be informative to examine specific cognitive subtypes of rumination, i.e., brooding and reflection. For instance, a recent rTMS study by Ehrlich and colleagues (58) showed that repetitive pulse transcranial magnetic stimulation may modulate reflection rumination rather than brooding. Additionally, an interesting approach for future studies could be to explore the influence of tDCS on more objective measures of rumination, such as cardiac activity. More specifically, both in healthy and clinical populations, it has been demonstrated that heart rate variability (HRV) is negatively correlated with rumination, such that lower levels of HRV indicate higher levels of rumination (59, 60). In the context of NIBS, the combination of tDCS and cardiac biofeedback has proven to be effective in reducing psychological and physiological stress responses (61).



Conclusion

This is the first study to explore the potential positive or negative effects of online tDCS priming combined with an 8-week group CBT-based intervention “Drop It” on state rumination. Although the experimental protocol was found to be safe, well-tolerated and feasible, we could not demonstrate superior efficacy of tDCS-augmented CBT on RNT. Future well-powered RCTs may be needed to demonstrate additional clinical effects of online tDCS priming on psychotherapeutic interventions, exploring other types of cognitive tasks paired with tDCS as well as more objective neurophysiological measurements. Additionally, it could prove to be mandatory to augment the number of primed tDCS sessions during the period patients receive (group) CBT.
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Objective: This study aimed to elucidate the efficacy, safety, and long-term implications of vagus nerve stimulation (VNS) as a viable therapeutic option for patients with upper limb dysfunction following a stroke.

Methods: Data from the following libraries were searched from inception to December 2022: PubMed, Wanfang, Scopus, China Science and Technology Journal Database, Embase, Web of Science, China Biology Medicine Disc, Cochrane Library, and China National Knowledge Infrastructure. Outcomes included indicators of upper limb motor function, indicators of prognosis, and indicators of safety (incidence of adverse events [AEs] and serious AEs [SAEs]). Two of the authors extracted the data independently. A third researcher arbitrated when disputes occurred. The quality of each eligible study was evaluated using the Cochrane Risk of Bias tool. Meta-analysis and bias analysis were performed using Stata (version 16.0) and RevMan (version 5.3).

Results: Ten trials (VNS combined with rehabilitation group vs. no or sham VNS combined with rehabilitation group) with 335 patients were included in the meta-analysis. Regarding upper extremity motor function, based on Fugl–Meyer assessment scores, VNS combined with other treatment options had immediate (mean difference [MD] = 2.82, 95% confidence interval [CI] = 1.78–3.91, I2 = 62%, p < 0.00001) and long-term (day-30 MD = 4.20, 95% CI = 2.90–5.50, p < 0.00001; day-90 MD = 3.27, 95% CI = 1.67–4.87, p < 0.00001) beneficial effects compared with that of the control treatment. Subgroup analyses showed that transcutaneous VNS (MD = 2.87, 95% CI = 1.78–3.91, I2 = 62%, p < 0.00001) may be superior to invasive VNS (MD = 3.56, 95% CI = 1.99–5.13, I2 = 77%, p < 0.0001) and that VNS combined with integrated treatment (MD = 2.87, 95% CI = 1.78–3.91, I2 = 62%, p < 0.00001) is superior to VNS combined with upper extremity training alone (MD = 2.24, 95% CI = 0.55–3.93, I2 = 48%, p = 0.009). Moreover, lower frequency VNS (20 Hz) (MD = 3.39, 95% CI = 2.06–4.73, I2 = 65%, p < 0.00001) may be superior to higher frequency VNS (25 Hz or 30 Hz) (MD = 2.29, 95% CI = 0.27–4.32, I2 = 58%, p = 0,03). Regarding prognosis, the VNS group outperformed the control group in the activities of daily living (standardized MD = 1.50, 95% CI = 1.10–1.90, I2 = 0%, p < 0.00001) and depression reduction. In contrast, quality of life did not improve (p = 0.51). Safety was not significantly different between the experimental and control groups (AE p = 0.25; SAE p = 0.26).

Conclusion: VNS is an effective and safe treatment for upper extremity motor dysfunction after a stroke. For the functional restoration of the upper extremities, noninvasive integrated therapy and lower-frequency VNS may be more effective. In the future, further high-quality studies with larger study populations, more comprehensive indicators, and thorough data are required to advance the clinical application of VNS.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier: CRD42023399820.
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vagus nerve stimulation (vns), stroke, rehabilitation, meta-analysis, upper limb dysfunction


1. Introduction

Stroke is a severe health risk that represents a great burden to society and healthcare systems. Approximately 60% of the individuals who experience a stroke have long-lasting upper extremity dysfunction that hinders their activities of daily living and compromises their mental wellbeing (1–4). It has been predicted that, by 2050, there will be ~200 million stroke victims worldwide. Hence, it is paramount that more effective treatment strategies are developed (5). Alternative approaches are required because standard rehabilitation therapy may not successfully restore function after a stroke (6). Ideally, future therapies for stroke should combine thrombolysis with antithrombotic, neuroprotective, and neuroplasticity-enhancing interventions (7). One possible treatment for enhancing neuroplasticity of the upper limb following a stroke is vagus nerve stimulation (VNS). VNS is an adjunctive therapy approved by the Food and Drug Administration for the treatment of partial epilepsy, depression, and primary headache disorders (8). VNS refers to any method that stimulates the vagus nerve. The methods are divided into invasive VNS (iVNS) and transcutaneous VNS (tVNS). Furthermore, tVNS can be further divided into transcutaneous cervical VNS (tcVNS) and transcutaneous auricular VNS (taVNS) (9, 10). The number of publications related to VNS has tripled in the last 10 years. In particular, the number of published studies has exponentially increased over the last few years (11). Numerous preclinical studies have documented positive poststroke recovery following a combination of VNS and physical therapy. Numerous clinical studies have also produced encouraging findings (12).

Animal studies involving rats with cerebral ischemia have suggested that VNS combined with rehabilitation can significantly alleviate neurological impairment, reduce cerebral infarction volume, and improve forelimb function, as well as memory and cognition (13–17). The mechanism of action may include enhancing angiogenesis, controlling blood-brain barrier permeability, minimizing the spread of depolarization, preventing neuroinflammation, and facilitating poststroke axonal plasticity (18–22). An increasing number of clinical trials have also demonstrated the beneficial effects of VNS combined with rehabilitation for patients with stroke. However, most clinical trials have been limited by small sample sizes (23, 24). Several meta-analyses have concluded based on the available clinical trials that VNS may improve the recovery of upper limb function following a stroke (25–32). Additionally, some researchers have reported that tVNS may be more effective than iVNS (26, 28, 29, 31, 32). These published meta-analyses had a risk of publication bias due to the absence of funnel plots. Many of these meta-analyses have also highlighted the need for more welldesigned studies to verify the long-term efficacy of VNS, including the stimulation settings, prognostic scores, integrated rehabilitation training methods, adverse events (AEs), and other factors. The analyses conducted by Liu et al. (28) and Zhao et al. (32) also restricted the studies to specific languages. In light of the potential clinical significance of VNS and the currently weak evidence from quantitative analyses, this study aimed to conduct a comprehensive and up-to-date meta-analysis on VNS for upper limb dysfunction after a stroke, including the efficacy, safety, and long-term implications.



2. Data and methods

This study was a systematic review of previously published studies. Therefore, both patient consent and ethical approval were not required (33). The meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines and previously published protocols (34). The detailed protocol used to perform this systematic evaluation has been registered in PROSPERO (reference number: CRD42023399820).


2.1. Search strategy

The following databases were searched from the time of inception to December 2022: PubMed, Scopus, Embase, Web of Science, Cochrane Library, China National Knowledge Infrastructure, Wanfang, China Science and Technology Journal Database, and China Biology Medicine. The following search terms were used: (Stroke OR Cerebrovascular Accident OR CVA OR Cerebrovascular Apoplexy OR Vascular Accident OR Cerebral Stroke) AND (VNS OR Vagal Nerve Stimulation OR Vagal Nerve Stimulation). To identify further relevant articles, we traced the references included in the identified articles and conducted manual searches.



2.2. Inclusion and exclusion criteria

We searched for studies without language restrictions. The inclusion criteria were as follows: (1) Studies with patients with stroke and upper limb disorders; (2) the experimental group received VNS combined with other treatment approaches, and the control group received no VNS or sham stimulation combined with other treatment approaches. The other treatment approaches were the same in the experimental and control groups; (3) studies that were randomized controlled trials (RCT); and (4) the study included at least one of the following pretraining or follow-up outcome indicators: motor function, quality of life, activities of daily living (ADL), and/or AEs. The exclusion criteria were as follows: (1) Patients who experienced a non-primary stroke; (2) relevant data required for meta-analysis were not available; (3) the full text of the paper could not be obtained even after contacting the corresponding author.



2.3. Data extraction

The following data were gathered: author, location, publication year, disease course, disease type, the number of samples, intervention modes, the type of combined therapy, stimulus parameters, stimulus time, evaluation time, and outcomes. Two researchers independently screened the papers and extracted and crosschecked the data. Any dispute was resolved through discussion or negotiation with an independent researcher. We used the Java program GetData Graph Digitizer (http://www.getdata-graph-digitizer.com) to determine the numerical values from the plotted data if no values were originally provided. If there were no pre- and post-treatment differences in the included randomized controlled trials or post-treatment data, the corresponding author was contacted to obtain the missing details. Where necessary, we manually calculated the mean and standard deviation (SD) using the Cochrane Handbook formulas based on the available baseline and outcome data.



2.4. Outcome measures

The outcome measures in this study were the efficacy and safety of VNS for the treatment of upper limb dysfunction after a stroke. Efficacy referred to the improvement of upper limb motor function and its impact on patient prognosis, while safety included the number of AEs and serious AEs (SAEs). The main indicator of upper limb motor function was the Fugl–Meyer Assessment for Upper Extremity (FMA-UE) score after VNS treatment at different frequencies combined with different treatment methods. The secondary indicators were the Wolf Motor Function Test (WMFT) score and FMA-UE effective rate. The prognosis was defined as improvement in ADL, quality of life, and mental wellbeing (e.g., mood).



2.5. Quality assessment

The quality of all the articles was assessed independently by the two researchers who reviewed the findings. When a disagreement occurred, a third researcher was consulted for arbitration. The quality of the included RCTs was assessed using the Cochrane risk-of-bias tool (35). This involved evaluating seven different types of biases: attrition bias (incomplete outcome data), selection bias (unbiased sequence generation and allocation concealment), reporting bias (selective result reporting), blinding bias (unbiased performance and detection), and other bias. The risk of bias for each item was rated as low, unclear, or high.



2.6. Statistical analysis

The evaluation index data of the included studies were processed using RevMan software (version 5.3; Cochrane Collaboration, Software Update, Oxford, UK). The mean difference (MD) and 95% confidence interval (CI) were used to express continuous variables. For continuous variables with different units, the standardized MD (SMD) and 95% CI were applied to exclude the influence of units (36). Dichotomous variables were expressed as risk ratios using the Mantel–Haenszel method. The degree of study heterogeneity was represented using I2. A random-effects model was applied if I2 exceeded 50%. Otherwise, a fixed-effects model was used. Values >75% indicated high heterogeneity. Sensitivity and subgroup analyses were utilized to pinpoint the source of heterogeneity and also to examine the stability of the results, as well as compare the effects of different clinical factors. Descriptive analysis was performed if the cause of the heterogeneity was not identified. Stata software (version 16.0, http://www.stata.com) was used to construct a funnel plot to determine publication bias. Finally, we used GRADE profiler software (https://gradeprofifiler.software.informer.com/) to evaluate the quality of the evidence based on the analyzed outcome indicators of the present study.




3. Results


3.1. Search results, study characteristics, and quality assessment

The flowchart of the search and article selection process is shown in Figure 1. Initially, 1,335 articles were identified as potentially relevant. Ten articles (three written in Chinese and seven in English) (23, 24, 37–44), involving 335 participants, were finally included in this study. The basic details of the 10 included articles are shown in Table 1. All 10 articles were RCTs with an experimental group and a control group. The experimental groups underwent VNS with different stimulus parameters combined with other treatment approaches. Eight of the 10 studies utilized a placebo in the control group, while the other two were blank controls (no VNS) (Table 1). The combined treatment methods employed with VNS included upper limb therapy alone in six studies and comprehensive therapy in three studies. The interventions lasted for 2–4 weeks, and evaluations were performed 1–90 days after the treatment. Wu et al. (41) and Dawson et al. (23) did not blind the outcome assessments (detection bias), but the remaining eight studies were blinded (Figure 2).


[image: Figure 1]
FIGURE 1
 The flowchart of the literature search and screening process.



TABLE 1 Basic information of the included studies.
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FIGURE 2
 Risk of bias summary of RCTs. RCT, Randomized controlled experiment.




3.2. The efficacy of VNS used in stroke treatment
 
3.2.1. The primary indicator of upper limb motor function measured by the FMA-UE score

Nine articles reported the FMA-UE scores a day after treatment (immediate effect). The available results indicated that the VNS group significantly improved upper limb motor function compared with the control group (MD = 2.84, 95% CI = 1.78–3.91, I2 = 62%, p < 0.00001; Figure 3) (23, 24, 37, 39–44). Three articles reported FMA-UE scores at 30- and 90-day posttreatment (long-term effects) (24, 41, 43). The pooled findings indicated that the scores in the VNS group were significantly higher than those in the control group at 30- (MD = 4.20, 95% CI = 2.90–5.50) and 90-day posttreatment (MD = 3.27, 95% CI = 1.67–4.87) (Figure 3). Based on these results, VNS demonstrated immediate and long-term effects on upper limb motor function.


[image: Figure 3]
FIGURE 3
 Frost plot of the immediate and long-term effects of FMA-UE.


A subgroup analysis was conducted to compare various aspects that may influence efficacy, such as disease stage, combination protocol, stimulation modality, and other stimulation parameters. The results revealed that tVNS (MD = 2.87, 95% CI = 1.78–3.91, I2 = 62%, p < 0.00001) may be superior to iVNS (MD = 3.56, 95% CI = 1.99–5.13, I2 = 77%, p < 0.0001, Figure 4A). Moreover, VNS in conjunction with combination therapy (MD = 2.87, 95% CI = 1.78–3.91, I2 = 62%, p < 0.00001) outperforms VNS in conjunction with upper extremity training alone (MD = 2.24, 95% CI = 0.55–3.93, I2 = 48%, p = 0.009, Figure 4B). Furthermore, lower frequency VNS (< 25 Hz) (MD = 3.39, 95% CI = 2.06–4.73, I2 = 65%, p < 0.00001) may be superior to higher frequency VNS (≥25 Hz) (MD = 2.29, 95% CI = 0.27–4.32, I2 = 58%, p = 0.03) (Figure 4C).


[image: Figure 4]
FIGURE 4
 (A) Subgroup analysis of different modes of VNS in FMA-UE scores. (B) Subgroup analysis of VNS combined with different treatments. tVNS, transcutaneous vagus nerve stimulation; iVNS, invasive vagus nerve stimulation. (C) Subgroup analysis of VNS with different frequencies in FMA-UE scores.




3.2.2. Secondary indicators of upper extremity motor function measured by the FMA-UE efficiency and WMFT score

FMA-UE efficiency was defined as an increase in the FMA-UE score by >6. Three articles (23, 24, 39) reported the FMA-UE scores at 1 day posttreatment (immediate effect), and two articles (39, 43) reported the FMA-UE scores at 90 days posttreatment (long-term effect) (Figure 5). Pooled analyses indicated that both the immediate (MD = 4.06, 95% CI = 1.18–13.89) and long-term (MD = 3.37, 95% CI = 1.56–7.28) effects had little heterogeneity. The fixed-effects model was employed, and the results indicated that FMA-UE efficiency was higher in the experimental group than that in the control group.


[image: Figure 5]
FIGURE 5
 Forest plot of FMA-UE efficiency.


Three articles (39, 41, 43) reported the immediate effect as indicated by the WMFT score. The pooled analysis indicated that the WMFT score was higher in the experimental group than that in the control group (MD = 0.37, 95% CI = 0.06–0.81, I2 = 89%) (Figure 6A). A subgroup analysis was conducted due to high heterogeneity. The results showed that lower frequency VNS (< 25 Hz) (MD = 3.59, 95% CI = 1.97–5.51) was more effective than higher frequency VNS (≥25 Hz) (MD = 0.17, 95% CI = 0.07–0.27) (Figure 6B). Three articles (39, 43, 44) reported the long-term effect as indicated by the WMFT score in the absence of heterogeneity (i.e., I2 = 0) and found that the VNS group had significantly higher scores than the control group at 90-day posttreatment (MD = 0.30, 95% CI = 0.19–0.47) (Figure 6A).


[image: Figure 6]
FIGURE 6
 (A) Forest plot of WMFT. (B) Subgroup analysis of VNS with different frequencies in WMFT scores.




3.3.3. Prognosis

To determine the prognosis, we examined the ADL, quality of life, and depression status scores. Four studies (37, 38, 40, 41) included indicators that assessed ADL, including BI, MBI, and FIM. After aggregation, it was found that I2 was 88% (Figure 7A), indicating excessive heterogeneity. The sensitivity analysis indicated that after excluding the study of Zhang et al. (37), the heterogeneity decreased to 0%. Thus, this indicator was excluded from the analysis. Subsequently, the reanalyzed results indicated that the ADL score was significantly higher after VNS (SMD = 1.50, 95% CI = 1.10–1.90, I2 = 0%, p < 0.00001) (Figure 7B). Two articles (42, 43) included life quality assessment scales, including the Stroke-Specific Quality of Life Scale and EuroQol five-dimensional questionnaire. No significant difference was found between the experimental and control groups after the summary analysis (SMD = 0.10; 95% CI = −0.2 to 0.41, I2 = 0%; p = 0.51) (Figure 7C). Two articles included a scale for assessing depression status, namely, the Beck Depression Inventory (BDI) and the depression domain of the Hospital Anxiety and Depression Scale (HADS). Li et al. (42) found that the HADS score decreased in the experimental group after VNS, while Dawson et al. (43) found a decrease in the BDI score 1 day (−1.6 [SD = 6.2] vs. 0.8 [SD = 5.0]) and 90 days posttreatment (−1.8 [SD = 5.6] vs. 0.2 [SD = 4.1]) compared with that of the control group.


[image: Figure 7]
FIGURE 7
 (A) Forest map of ADL score before elimination. (B) Forest map of ADL score after elimination. (C) Forest map of life quality.





3.3. Safety of VNS used in stroke treatment

The AE incidence was reported in seven papers (23, 24, 40–44), and the SAE incidence was reported in three papers (23, 39, 43). As shown in the pooled analysis in Figure 8, there was no significant difference between the experimental and control groups in the incidence of AEs (p = 0.25, Figure 8A) or SAEs (p = 0.26) (Figure 8B). These results indicate that VNS combined with rehabilitation therapy is safe for the treatment of upper limb dysfunction after stroke.


[image: Figure 8]
FIGURE 8
 (A) Forest plot for the meta-analysis of atrial fibrillations (AEs). (B) Forest plot for the meta-analysis of several atrial fibrillations (SAEs).




3.4. Publication bias and sensitivity analysis

Quantitative evaluation of the FMA-UE scores using Egger's test indicated no bias (p = 0.266). The publication bias chart is shown in Figure 9. Sensitivity analysis was performed by excluding publications one by one. The heterogeneity decreased significantly after removing the study by Chang et al. (44). The bias was presumably related to the intervention duration, which differed from those of other studies. However, Chang et al.'s study did not affect the pooled results or the subgroup analysis results, which were stable.


[image: Figure 9]
FIGURE 9
 Funnel plots of upper limb motor function.




3.5. GRADE quality evaluation

The key outcome indicators (FMA-UE score, ADL score, and the number of AEs and SAEs) of the 10 included studies were evaluated using the GRADE software. The GRADE system evaluates five factors: risk of bias, inconsistency, imprecision, indirectness, and publication bias, and divides the quality of the evidence into four categories: high, medium, low, and very poor. The results according to the GRADE system indicated that the evidence was of high quality for the FMA-UE score, medium quality for the number of AEs and ADL, and low quality for the number of SAEs.




4. Discussion

This study included 10 RCTs, which is a larger sample size than the previous meta-analyses that examined the use of VNS in stroke treatment. Publication bias, stimulation parameters, combination regimens, long-term efficacy, and prognosis were integrated and discussed in this study. The results and differences were as follows: (1) Regarding motor function, VNS exerted immediate and long-term effects when combined with comprehensive treatment as indicated by the FMA-UE score, WMFT score, and FMA-UE efficiency, which was consistent with the findings of other meta-analyses. However, the results showed that the FMA-UE pre- and post-treatment difference after 90 days of treatment was lower than that after 1 day of treatment, whereas the WMFT score was the opposite. Therefore, we could only confirm that VNS combined with rehabilitation therapy had a long-term effect and were unable to pinpoint the specific long-term changes. To further investigate this aspect, further clinical studies are warranted. The results of the subgroup analyses suggest that the tVNS mode combined combination therapy and lower frequency of VNS resulted in better outcomes. (2) Prognosis in terms of quality of life was not significant in this study. This result is consistent with the findings of previous studies. In contrast, the increased ability to perform ADL and the remission of depression contradicted the results of Gao et al. (26). For depression, the same two articles were included. The present study used a qualitative analysis considering its excessive heterogeneity. Hence, the effect of VNS on depression needs to be further demonstrated by including future studies. Regarding ADL, Gao et al. (26) included two articles that used the Stroke Impact Scale (hand function) only. In this study, we included more articles and assessed additional indicators, resulting in less heterogeneity. Our results indicated that VNS improved ADL. (3) The present study quantified the occurrence of AEs and SAEs separately to evaluate safety. This has not been considered in previous studies. Based on our results, VNS used in stroke treatment is safe.

Although supported by numerous preclinical and clinical trials, treatment with VNS-targeted plasticity remains challenging due to various factors (6). In the present study, a subgroup analysis of multiple factors was performed. First, we resulted that tVNS was superior to iVNS, which is consistent with the findings of earlier meta-analyses. In this study, all tVNS were taVNS, as tcVNS clinical trials were sparse. Hence, in the future, further investigation of tcVNS is necessary. The results stayed the same after removing the 2016 article by Dawson et al. (23) to eliminate the placebo effect. Second, we conducted a subgroup analysis of the combined VNS protocols, an important factor overlooked in previous meta-analyses, and found that VNS combined with comprehensive training had a better effect on upper limb function than upper limb training alone. We hypothesized that there is a mutually beneficial relationship between different neuroprotective and neuroplastic treatment modalities, suggesting that VNS is a suitable adjunctive therapy for stroke treatment. Furthermore, VNS combined with comprehensive training is recommended in clinical practice. Finally, the ideal parameters for optimizing VNS have long been a highly controversial issue. Optimizing these parameters is crucial for efficacy comparisons (12). One of the major limitations of VNS is its large parameter variations. Variable pulse widths, frequencies, and stimulation currents make it difficult to determine what parameters are more important and which are the best matches or combinations (45). Currently, of the many different parameters, the current intensity is the most studied. Several studies have shown that intensity and plasticity have an inverted U-shape relationship, with medium intensity being superior, and that intensity is inversely proportional to pulse width, with low intensity compensated by wide pulses (46–49). Compared with intensity, frequency is less affected by individualization; therefore, it is easier to optimize, although little research has been conducted to date (10). Buell et al. (50) in their biological experiments verified that frequency and plasticity have an inverted U-shape relationship and that frequencies of ~30 Hz are more effective. Currently, VNS at 20–30 Hz is commonly used in clinical practice. Results from our subgroup analyses demonstrated that VNS at lower frequencies (< 25 Hz) may be more effective than higher frequencies (≥25 Hz), which complements the findings of Buell et al. (50). Additionally, in a study that utilized taVNS for migraines (51), 1 Hz was shown to be more effective than 25 Hz (51). Taken together, these findings imply that lower frequencies may produce superior clinical outcomes. However, owing to diverse clinical applications and the limited number of frequency studies, we cannot exclude the influence of other parameters or factors on frequency. Interestingly, a study (52) has suggested that lower frequencies in tcVNS can be compensated by higher intensities. However, this is inconsistent with our subgroup analysis results on iVNS and taVNS. In the future, more vigilant investigations, including basic experiments and clinical trials, are warranted to verify and validate current findings. In summary, each of these parameters may contribute to the therapeutic effect, and one or more parameters may be altered according to the optimization of the clinical effects in individual patients.

Of note, previous studies on VNS have consistently suggested that the results obtained are influenced by individual differences that inhibit the optimization of stimulation parameters. Theoretically, advanced age is associated with reduced neuroplasticity. Moreover, stroke is dichotomized according to sex and different underlying diseases or drugs may change the effects of VNS through neuroregulatory pathway activation (4). However, preclinical trials have demonstrated that age does not limit the use of VNS in stroke treatment (16); Dawson et al. (53) have conducted further detailed subgroup analyses of their patients after their clinical trials in 2021 and found that differences among different subgroups, including age, sex, residence location, stroke severity, stroke duration, side of the palsy, and cortical involvement, did not affect patient outcomes. An exploratory study by David et al. (54) examined various predictors in combination with two clinical trials and led to the hypothesis that VNS provides additional benefits for patients with more severe upper extremity disability at baseline and unfavorable imaging outcomes (e.g., higher cerebrospinal fluid volume), with no other findings inconsistent with previous speculations. These studies were restricted to specific baseline ranges, and the between-group differences and sample sizes were small. As such, further investigations, especially clinical studies, are needed to justify the above hypothesis and optimize stimulation parameters. Other studies have suggested that relationships exist between stimulation parameters and side effects that may also influence stimulation parameter optimization. These relationships require further clarification. Hence, further studies are needed (55).

This study had some limitations. First, VNS and stroke are both intrinsically heterogeneous situations. Therefore, the variables considered in the subgroup analyses were not entirely homogeneous, which could have interfered with the results. Second, only a few prognostic studies have been published, leading to insufficient evidence for drawing definitive conclusions. Future studies should include a greater number of welldesigned RCTs with high-quality samples. Third, because we did not analyze any objective indicators, future studies should consider the evaluation of neuroimaging and neurophysiological technologies.



5. Conclusion

VNS for poststroke upper extremity dysfunction is effective and safe in the long term. It improves upper extremity motor function, increases daily activity capacity, and improves mental state. The results of the subgroup analyses showed that tVNS, combined with integrated rehabilitation and a lower frequency of VNS are superior for the management of poststroke upper extremity function. This study had some limitations that need a comprehensive index and uniform stimulation parameters to further explore the use of VNS in patients with upper limb dysfunction following a stroke.
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Stroke is a central nervous system disease that causes structural lesions and functional impairments of the brain, resulting in varying types, and degrees of dysfunction. The bimodal balance-recovery model (interhemispheric competition model and vicariation model) has been proposed as the mechanism of functional recovery after a stroke. We analyzed how combinations of motor observation treatment approaches, transcranial electrical (TES) or magnetic (TMS) stimulation and peripheral electrical (PES) or magnetic (PMS) stimulation techniques can be taken as accessorial physical therapy methods on symptom reduction of stroke patients. We suggest that top-down and bottom-up stimulation techniques combined with action observation treatment synergistically might develop into valuable physical therapy strategies in neurorehabilitation after stroke. We explored how TES or TMS intervention over the contralesional hemisphere or the lesioned hemisphere combined with PES or PMS of the paretic limbs during motor observation followed by action execution have super-additive effects to potentiate the effect of conventional treatment in stroke patients. The proposed paradigm could be an innovative and adjunctive approach to potentiate the effect of conventional rehabilitation treatment, especially for those patients with severe motor deficits.
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Introduction

Stroke is a neurological syndrome caused by an acute vascular injury of the central nervous system. The syndrome incorporates the cerebral infarction, intracerebral hemorrhage, and subarachnoid hemorrhage (1). It is one of the primary causes of mortality and severe long-term disability. Among all causes of death, stroke ranks fifth following heart disease, cancer, chronic lower respiratory disease, and unintentional injuries/accidents (2). In 2019, the prevalence of stroke was 101 million cases and there were 6.55 million deaths in global (3). As a major concern of global health, stroke poses great social economic burden, for example, the overall expenses of stroke in US was $52.8 billion in 2017–2018, with mean direct expenses of $8,242 for each patient (4). Stroke ranks second among all the contributors to disability-adjust life-years globally (5). Long-term complications of stroke include pain syndromes, depression and anxiety, cognitive decline and dementia, as well as falls and fractures due to gait instability (2). Motor impairment of the contralateral limb (e.g., loss or limitation of muscle control, mobility, power, and dexterity) is one of the commonest and most detrimental consequences after stroke (6, 7). Dysfunctional motor control affects functional independence of activities of daily living, and thus reduces the quality of life.

Neurorehabilitation after a stroke includes multidisciplinary rehabilitation methods to compensate for the motor deficit, restore motor functions, and improve the life quality of patients (8, 9). Despite intensive therapeutic efforts during stroke rehabilitation, a relevant amount of stroke survivors failed to regain their motor functions that are important for activities of daily living completely (10). Therefore new/advanced approaches are required to optimize motor functions and reduce disability in stroke patients. Based on basic behavioral science and neuroscientific knowledge, novel rehabilitative approaches have been developed to ameliorate perceptual abilities and improve motor functions after stroke in the last few years (11, 12). These novel rehabilitative intervention modalities included action observation treatment (AOT), non-invasive brain stimulation (NIBS) as well as repetitive peripheral electrical or magnetic stimulation (13). These tools share features of targeted modulation of central nervous system activity, and neuroplasticity induction, and might hereby generate therapeutic benefits (11, 14). In this perspective paper, we aimed to discuss how combinations with these novel stimulation techniques and approaches can be taken as potential rehabilitation methods for stroke patients.



Theoretical background and rationale

Brain structural damage of areas and connections, as well as inhibition of the ipsilesional primary motor and sensory cortex disrupts functional connectivity of the motor network and impairs functional network flexibility after stroke (15). A bimodal balance-recovery model has been proposed as the mechanism of functional recovery after a stroke. The extent of structural reserve of the lesioned hemisphere is related to functional reorganization and the involvement of the affected hemisphere in motor control (16). The interhemispheric competition model dominates in stroke patients with high structural reserve (less impairment) (16). Functional neuroimaging studies showed a dysbalance of motor cortex excitability in post-stroke, which is relative hypo-excitability in the ipsilesional hemisphere and hyper-excitability in the contralesional hemisphere (16–18). The hyperactive contralesional hemisphere inhibits cortical excitability of the ipsilesional hemisphere via transcallosal inhibition, and compromises motor output (19, 20). Based on the inter-hemispheric competition model, upregulating the excitability of the lesioned hemisphere and/or downregulating the excitability of the intact hemisphere may facilitate recovery in stroke patients (21). In patients with little structural reserve (more severe impairment), the vicariation model predicts stroke recovery. Activity in the contralesional hemisphere compensates for functional loss by the affected hemisphere (16). In this case, instead of predicting a worse outcome on the basis of the interhemispheric competition model, interhemispheric imbalance facilitates vicarious activity of the intact hemisphere, allowing substitutional plasticity (16). A recent longitudinal study by Lin et al. has verified this bimodal balance recovery hypothesis, indicating that the contralesional hemisphere modulates differently across chronic stroke patients with different levels of ipsilesional hemisphere reserve (22).

Neuroplasticity is an important physiological foundation for the neurorehabilitation of stroke patients. It refers to the life-long ability of the central nervous system for reorganization and adaptation, which includes strengthening and weakening synaptic connections, as well as the formation of new neural pathways. Neuroplasticity is a crucial foundation for learning and memory formation, and recovery of motor functions after neurological injuries (9). Modifying neural circuit function in response to external/environmental stimuli and subsequently affecting behavior, cognition, and motor function is a crucial property of the mammalian brain (23, 24). Functional plasticity and structural plasticity are two types of plasticity mechanisms (25). Functional plasticity refers to alterations in the strength of preexisting synaptic transmission, whereas structural plasticity incorporates the growth and deletion of synaptic connections (23, 25, 26). Synaptic plasticity can occur from the ultrastructure level to the brain network level along with short- and long-term alternations in Ca2+ dynamics, modulation of neurotransmission as well as expression of protein and gene (27). Synaptic plasticity is classified into Hebbian and homeostatic synaptic plasticity (25, 28). Hebbian synaptic plasticity is a positive feedback loop and unrestricted dynamics via strengthening (long-term potentiation, LTP) or weakening (long-term depression, LTD) of synaptic transmission (24, 26, 29). In contrast, homeostatic synaptic plasticity is a negative feedback loop and stabilized neural dynamics in which synaptic efficacy decreases in the case of high neuronal activities and increases when activities are low (25, 30). Animal studies largely contributed to our knowledge about physiological plasticity mechanisms and led to further investigations of neuroplasticity in humans. In the neocortex, studies in animal models demonstrated a close association between motor learning and LTP-like plasticity (31–33). In humans, LTP-like plasticity was explored in the primary motor cortex (M1) concerning use-dependent plasticity (34–37), its involvement in motor learning (38), and its relevance for compensation of motor cortex dysfunctions after brain lesions (39). Post-transcriptional modifications of pe-existing protein account for LTP in the early phase, whereas alternations in the expression of genes and protein relate to LTP in the late phase (27). It has been shown that for studying the plasticity of the human brain, sensory inputs and non-invasive brain stimulation (NIBS) are able to alter respective cortical properties such as the strength of neural network connections, and movement representations (40, 41). Beyond its relevance to the learning formation of the healthy brain, cortical reorganization and adaptive plasticity apply to the field of neurorehabilitation (42–44).



Multimodal therapies in rehabilitation


Action observation treatment

Action observation and execution networks were found first in macaque monkeys. These networks are based on mirror neurons which are all-important to comprehending the actions of other individuals (45). The notion of mirror mechanisms displays that individuals observing an action could not only activate an identical or similar motor or motor-related cortical network but also automatically promote execution and motor skill acquisition in an observer (46, 47). Functional neuroimaging studies showed an observation-execution-dependent cortical network in human brains and revealed the overlapping of motor observation and motor execution in some brain regions. These networks incorporate M1, the primary somatosensory cortex, the ventral premotor cortex, several parietal areas, and the inferior frontal gyrus (48–52).

Respective observation-related network activation via observing a goal-directed movement of others promotes motor skill learning abilities and attainment of observers (53–55). Since long-term potentiation-like (LTP) plasticity is elevated by enhanced task-dependent motor cortex excitability (31, 56), the underlying mechanism of acquisition of a new motor skill via action observation might include LTP-like plasticity of these specific brain regions and network (57–60). Motor cortex activation by action observation might thus have the potential to develop into an effective rehabilitative strategy. In healthy humans, action observation enhances motor skill learning (46, 61–63), and action-related motor capacity with the untrained hand (64). AOT, in which action observation followed by execution of an identical task, has been used to alleviate motor function deficits in patients with neurological disorders (65). A typical rehabilitation session of AOT consists of an observation phase and an execution phase. A video clip of an actor and an actress performing object-directed daily action from different perspectives is presented on a computer screen. Specific action can be divided into three to four motor acts. Patients need to observe the motor act and execute the observed act afterwards (65, 66). In patients with acute ischemic stroke, AOT for 10 days facilitates relearning of upper extremity motor skills (67). For patients diagnosed with cerebral ischemic or hemorrhagic stroke in the subacute phase, AOT potentiated upper extremity motor function recovery, improved manual dexterity, and increased quality of life (68). AOT for 4 weeks improved upper extremity function and daily living performance in chronic stroke patients, and AOT of first-person perspective showed more beneficial effects in comparison with AOT of third-person perspective (69). AOT for 4 weeks has also been shown to promote gait ability in chronic stroke patients, and functional AOT was more effective than general AOT (70).



Repetitive transcranial magnetic stimulation

TMS produces a time-varying magnetic field perpendicular to the stimulating coil, inducing electric currents in the cortical tissue beneath the scalp, and eliciting action potentials in targeted neuronal populations. As a neuromodulatory tool, repetitive TMS (rTMS) induces frequency-dependent after-effects. Low-frequency rTMS (LF-rTMS, ≤1 Hz) induces a prolonged decrease in cortical excitability, whereas high-frequency stimulation (HF-rTMS, ≥5 Hz) enhances cortical excitability (10, 71). Theta burst stimulation (TBS) is a subtype of rTMS, including intermittent (iTBS) and continuous (cTBS) stimulation that enhances and suppresses cortical excitability, respectively (72–74). HF-rTMS delivered to M1 concurrent with motor learning practice accelerated the rate of motor skill acquisition and improved motor performance in healthy individuals (75). It is assumed that the effect of this combined intervention is accomplished by the induction of LTP-like processes in the motor network, which promotes task-specific plasticity (75). In subacute hemorrhagic and ischemic stroke patients, delivery of HF-rTMS in the affected hemisphere facilitated motor function recovery of the paralytic hand (76). HF-rTMS over ipsilesional M1 promoted upper extremity motor recovery and daily living ability in acute stroke patients suffering from unilateral subcortical infarction in the middle cerebral artery (77). In subacute ischemic stroke patients, iTBS over the lesioned M1 prior to physiotherapy increased network connectivity between bilateral motor areas and M1, which is correlated with grip strength improvement (78). Resting-state interhemispheric motor network connectivity gradually decreases early after ischemic stroke and subsequently re-increases in the progress of motor function recovery (79). Application of iTBS facilitates reorganization of the motor network and induces neuronal plasticity, contributing to motor function recovery (78). It is proposed that HF-rTMS (76) and iTBS (78) over the ipsilesional M1 up-regulates the activity of the lesioned cortex. LF-rTMS applied over the unaffected motor cortex promoted motor function recovery and improved daily living ability in patients with cerebral infarction (80). LF-rTMS (80) and cTBS applied over the unaffected motor cortex down-regulates the excitability of the unaffected hemisphere and alleviates the interhemispheric inhibition imposed on the affected side. However, these approaches fail to induce beneficial effects in all stroke patients, and individuals respond differently to various stimulation parameters (81). Sankarasubramanian and co-workers demonstrated that upper limb reaching ability was facilitated by HF-rTMS over contralesional dorsal premotor cortex rather than standard stimulation approach (LF-rTMS over contralesional M1) in severely affected stroke patients (82). Therefore, classifying stroke patients into different subgroups (less affected vs. more affected) based on bimodal balance-recovery model is necessary for designing targeted and effective treatments.



Transcranial electrical stimulation

Some studies showed that transcranial electrical stimulation (tES), including transcranial direct current (tDCS), transcranial random noise (tRNS), and transcranial alternating current (tACS) stimulation can increase the acquisition and retention of motor skills and improve motor functions in healthy humans, and rehabilitation (83, 84). These intervention tools elicit long-lasting augments or decrements of motor cortical excitability, and these effects are dependent on brain state and cognitive task performance before and/or during the intervention (85, 86).

tDCS modulates motor cortex excitability and/or activity via a weak electrical current (87), which de- or hyperpolarizes neuronal resting membrane potentials (86, 88). tDCS has a polarity-dependent influence on motor cortex excitability and/or activity. When the anode is positioned over M1, the amplitude of motor-evoked potentials (MEP) is increased (89, 90), whereas cathodal tDCS decreases MEPs with standard dosages (89, 91). Dependent on stimulation duration, tDCS can induce after-effects, which resemble LTP-like or LTD-like plasticity (85, 86, 92). In healthy humans, anodal tDCS over M1 during task execution improves motor learning (93–96). This effect is likely accomplished via modulation of LTP-like plasticity, and enhancement of functional connectivity of respective brain networks via anodal tDCS, resulting in motor performance improvement. Some studies reported that cathodal tDCS over M1 reduced motor performance speed (95, 97), but improved motor learning under specific conditions (98, 99). It is proposed that cathodal tDCS diminishes cortical excitability (“noise reduction”) via induction of LTD-like plasticity, thus focusing cortical activity on the neurons relevant to motor learning (93, 98, 99). In patient populations, this intervention has the potential to relieve maladaptive neuroplasticity and improve the neurophysiological state of the targeted brain regions as well as motor functions. The effects of tDCS on stroke patients were not consistently reported in different studies. Ojardias and co-authors reported that one session of anodal tDCS over ipsilesional M1 had a significant beneficial effect on gait endurance in chronic hemiplegic patients (100). In chronic ischemic and hemorrhagic stroke patients, two sessions of anodal tDCS applied over the lesioned M1 improved movement planning and preparation in a standing reaching task (101). Likewise, cathodal tDCS can also induce some positive effects in patients with stroke. Zimerman and co-works reported that cathodal tDCS applied to the non-lesioned M1 facilitated hand motor skill acquisition and retention in patients with subcortical ischemic stroke (102). Cathodal tDCS positioned over the unaffected motor cortex enhanced dual-task gait performance in chronic stroke patients (103). Seamon and co-works, however, indicated that neither anodal tDCS over the lesioned M1 nor cathodal tDCS over the non-lesioned M1 induced any significant effect on walking performance in chronic stroke patients (104). The variable effects of tDCS might be due to the inherent heterogeneity of the stroke patients, the variability of the stimulation parameters and the choice of motor paradigms (105). For stroke patients who benefit from tDCS, the interhemispheric balancing model has been proposed as the mechanism for motor function improvement. Anodal tDCS upregulates ipsilesional cortical excitability, improves network connectivity, and leads to alterations in interhemispheric balance (10). Cathodal tDCS over the contralesional M1 leads to downregulation of the contralesional cortical excitability and upregulation of the ipsilesional cortical excitability via reduced transcallosal inhibition (10, 106). Restoration of interhemispheric balance might be a relevant mechanism of tDCS-induced motor control improvement (107). As heterogeneity exists regarding the effect of tDCS on stroke patients, stratifying patients into different subgroups according to the etiology, the damage extent, and the phase of stroke is required to provide personalized therapeutic interventions.

tRNS is a relatively new neuromodulatory electrical stimulation method, which produces a white noise of a Gaussian or bell-shaped alternating current from 0.1 Hz to 640 Hz in a full-frequency spectrum or between 101 and 640 Hz in a high-frequency spectrum (108). Its random electrical oscillation spectrum in a full frequency spectrum or a high frequency spectrum applied to specific brain regions modulates neuronal membrane potentials, induces neuroplasticity, and results in an increase in motor cortex excitability (109–111). Proposed mechanisms of action are modulation of the neural signal-to-noise ratio via stochastic resonance (112, 113), and stimulation effects involve voltage-gated sodium channels (114–116). tRNS facilitates motor skill acquisition and consolidation in healthy humans (111, 117). Regarding the impact of tRNS in neurorehabilitation, Hayward and co-authors demonstrated that tRNS over ipsilesional M1 during reaching training improved clinical motor outcomes in chronic stroke patients suffering from severe arm dysfunction (118). tRNS combined with the Graded Arm Supplementary Program promoted upper extremity motor function recovery in ischemic stroke patients in the subacute phase (119). This implied that tRNS can boost functional adaptations of cortical tissue (118).

In tACS, another electrical non-invasive brain stimulation protocol, weak alternating sinusoidal currents over the cortical target region can entrain endogenous brain oscillations at some frequency brand (120). tACS enhanced either motor functions or cognitive functions via associated brain functions with stimulation frequencies matched to the natural dominant rhythm of the underlying brain area (121, 122). Antal et al. showed that tACS over M1 promoted motor learning in healthy humans (123). Beta-tACS over the lesioned M1 reduced the variance of sensorimotor beta-oscillations in stroke patients (124). With respect to motor rehabilitation, beta-tACS might be suitable for facilitating the specificity of brain self-regulation-based neurofeedback via interference with endogenous cortical rhythms and intrinsic brain oscillations in stroke patients (124).

In the human brain, regions are interconnected in complex functional networks, incorporating multiple anatomically remote but functionally interlinked areas (125–127). Some studies demonstrated that tES modulates brain activity and/or excitability in both local areas under the stimulation electrodes and remote interlinked brain regions (10, 128). Brain hubs have a critical impact on dynamic interactions between brain areas and integrate the information from different brain regions of the network (127, 129, 130). The effects of tES involving a node or hub of a specific cortical network can spread to functionally connected brain areas (128, 131, 132). Due to activity-dependent network models, tES-generated cortical activity and/or excitability alterations are furthermore sensitive to the specific state of brain networks, and dependent on the level of the ongoing activity of the stimulated cortical networks (128, 133). A wealth of studies has reported that tES can modulate behavior dependent on the neural activity level of brain networks involved in a task (98, 99, 134–137).



Repetitive peripheral electrical and magnetic stimulation

Beyond non-invasive brain stimulation, peripheral stimulation techniques are also explored for their ability to improve neurorehabilitation. Non-invasive peripheral stimulation uses external devices to generate muscle contractions and sensory afferents that can be used in clinical settings to reduce pain and promote recovery of sensorimotor functions (138). Successful goal-directed movements necessary for interaction with the environment rely on the integration of sensory and motor information (139). Stroke is a common neurological disorder leading to compromised sensorimotor integration (140). Accurate sensorimotor integration of afferent and efferent signals in the cerebral cortex contributes to precise motor control and efficient action execution, and plays a critical role in motor learning. To target sensorimotor integration in stroke patients, either enhancement of afferent input to M1 by peripheral electrical stimulation (PES) or peripheral magnetic stimulation (PMS) to modulate motor output, or reduction of sensory input by temporary deafferentation, might be the potential therapeutic interventions (139).

PES activates not only superficial cutaneous receptors but also somatosensory nerve fibers (141, 142). PES over a muscle belly or a nerve at motor threshold intensity induces muscle contractions by depolarization of motor axons and facilitates motor unit recruitment (143). Modulation of afferent input by PES at motor threshold induces neuroplastic alternations and organizational changes in the sensorimotor cortex, and increases cortical excitability that produces adaptations in central motor pathways (144–147). PES over a nerve at sensory threshold intensity enhances somatosensory input, improves corticomotor excitability (148), facilitates connectivity in sensorimotor regions (149), and induces reorganization of cortical maps (150). Some studies reported that PES improves motor learning (151), motor memory consolidation (152), and inter-limb transfer of motor skills (149) in healthy individuals. In stroke patients, PES at motor threshold increased wrist range of motion and hand muscle strength, improved muscle tone and muscle electrical activity, enhanced functional performance of the upper extremity, and promoted daily living capacity (153, 154). In patients with subacute and chronic stroke, PES at motor threshold decreased muscle spasticity, increased muscle strength, facilitated gait performance, and promoted motor function recovery of the lower extremity (155, 156). One session of PES at sensory threshold reduced muscle spasticity, enhanced muscle strength and proprioception, and improved balance and gait ability in chronic stroke patients (157–159).

In comparison to PES, PMS is deemed to stimulate deeper tissue regions and induce strong muscle contractions for neuromuscular stimulation, with less pain, and fewer side effects with respect to stimulation of the spinal root, muscle belly, or nerve (160, 161). PMS increases peripheral venous blood flow (162), induces muscle contractions with minimal cutaneous sensations (138), and reduces spasticity and muscle hyperreflexia (163). PMS effects depend on the induction of the activity of proprioceptive afferents to the central nervous system, which results in modulation of the excitability of specific spinal circuits and the motor cortex (142, 164–166). PMS improved motor functions in healthy humans (167). In stroke patients, PMS can also induce some beneficial effects. It is reported that in patients with severe upper extremity paresis during the early acute and subacute phase of stroke, PMS prior to standard care promoted upper limb functions, improved daily living abilities, and accelerated the progress rate of motor function recovery (168, 169). In chronic stroke patients with ankle impairment, PMS improved ankle joint mobility and muscle strength, increased M1 transsynaptic excitability in the contralesional hemisphere, and decreased short-interval intracortical inhibition in both hemispheres (170, 171). It is hypothesized that proprioceptive afferents generated by PMS reduce GABAergic inhibition, and the induction of brain plasticity in the sensorimotor cortex may contribute to the increase of muscle strength (171). Furthermore, a single session of PMS significantly reduced spasticity along with decreased event-related desynchronization of mu rhythm in the contralesional hemisphere in subacute or chronic stroke patients (172). It is proposed that the reduction of spasticity might be related to cortical activity alternations in the contralesional hemisphere (172).



Combined intervention therapies in neurorehabilitation

Action observation treatment, transcranial electrical or magnetic stimulation, and peripheral electrical or magnetic stimulation are important components for the development of new treatment methods in the field of neurorehabilitation.

The combined intervention of NIBS and action observation can modulate neuroplasticity and motor functions in both healthy and stroke patients. Our previous studies showed that tRNS over M1 paired with mirror-matching action observation enhances observation-dependent motor cortex excitability, and then this effect promotes execution-dependent motor cortex excitability (137). Some studies reported that action observation improves connectivity between the ventral premotor cortex and M1, and movement execution promotes connections either between the dorsal premotor cortex and M1 or the supplementary motor region and M1 (55, 173). tRNS and motor observation might have synergistic effects in improving cortical excitability via premotor mirror neurons to directly and/or indirectly activate M1 neurons. Vice versa, 20 Hz tACS with target electrode over the left M1 and return electrode over the contralateral supraorbital region during movement observation inhibits motor cortex excitability and subsequently inhibits action execution-dependent cortical excitability (174). As a neurophysiological biomarker of functional reorganization, suppression of beta power oscillations is associated with motor learning and consolidation (175). These findings indicated that action observation combined with TES resulted in changes of task-dependent motor cortex activity, which could be advantageous to prevent pathological alterations in stroke sickness (65). In stroke patients with ideomotor apraxia, AOT combined with LF-TMS over the intact hemisphere increased motor cortex excitability and facilitated the recovery of hand motor function (176). LF-TMS over contralesional M1 during observation of complex hand movements improved distal upper extremity functions in the subacute phase following stroke (177). Action observation coupled with PES induced a long-lasting increase in primary motor cortex excitability (178) and improved spontaneous movement tempo (179) in healthy persons. It is proposed that PES paired with action observation might be a promising treatment technique in neurorehabilitation. PES is thought to provide movement-related afferent stimulation to consolidate the kinematic information learned from action observation and lead to neuroplastic adaptations (179).

Some studies explored the effects of transcranial magnetic or electrical stimulation combined with peripheral electrical or magnetic stimulation techniques in neurorehabilitation. In healthy individuals, the effects of combined brain and peripheral stimulation were inconsistently reported. Anodal tDCS (1 mA) alone for 5 min transiently increased cortical excitability, whereas anodal tDCS paired with PES prolonged the facilitating effect for up to 60 min (180). Likewise, cathodal tDCS (1 mA) alone for 5 min decreased the cortical excitability immediately after the stimulation, and the changes were prolonged for up to 60 min when combined with PES (180). The proposed mechanism is that anodal tDCS paired with PES induces LTP-like plasticity and cathodal tDCS combined with PES evoked LTD-like plasticity (180). Schabrun and co-authors, however, failed to find any summative effects after concurrent application of 1 mA tDCS and peripheral nerve electrical stimulation for 20 min, which might be explained by the homeostatic plasticity mechanism (181). In another study, 2 mA anodal tDCS significantly increased MEP amplitude, whereas tDCS combined with PES did not induce any changes in MEP amplitude, indicating a suppression effect following combined stimulation (182). In patients within the first few days following a stroke, anodal tDCS over the ipsilesional M1 coupled with PES of the paretic hand for 5 consecutive days promoted hand motor function recovery (183). In chronic stroke patients, tDCS over the ipsilesional M1 combined with PES prior to motor training potentiated the beneficial effects of motor learning beyond levels reached with tDCS or PES alone (184). This might be that tDCS paired with PES produces additive effects on motor functions through different pathways where anodal tDCS depolarizes neuronal membrane potential and modulates Glutamate as well as GABA concentrations (86, 185), whereas PES modulates GABAergic interneurons activity (184, 186). In contrast, Menezes and co-authors reported that one session of combined stimulation (PES of the paretic arm and tDCS over the ipsilesional M1) prior to motor training did not facilitate training effects on range of motion, gasp and pinch strength in chronic stroke patients with moderate to severe upper extremity motor deficits (187). As discrepancy exists, more studies are needed to optimize the simulation parameters to induce the beneficial effects of this combined intervention. Paired associative stimulation (PAS) modulates motor cortex excitability based on associative LTP/LTD mechanism governed by Hebbian principles (188–190). When PES was applied 10 ms prior to TMS, motor cortex excitability was increased (facilitatory PAS), whereas motor cortex excitability was inhibited when PES is delivered 25 ms preceding TMS (inhibitory PAS) (190). Facilitatory PAS enhanced motor learning in healthy humans (191). It is suggested that PAS induces LTP-like plasticity, and triggers alterations in synaptogenesis and structure connectivity, leading to the facilitation of motor learning (191). Furthermore, facilitatory PAS can promote motor functions in stroke patients via the upregulation of motor cortex excitability in the ipsilesional hemisphere (192). Other forms of associative stimulation, though with limited investigations, showed some promise in treating neurological diseases. Kumru et al. reported that repetitive TMS at 0.1 Hz combined with rPMS at 10 Hz increased motor cortex excitability and reduced intracortical inhibition that might be mediated by GABA-ergic inhibition, but repetitive TMS at 0.1 Hz or rPMS at 10 Hz, respectively, did not improve motor cortex excitability (193).

Both central and peripheral stimulation protocols modulate cortical activity in a state-dependent manner (194–197). The cortical activity in action observation and execution network can be modulated by AOT and synchronously central and peripheral stimulation techniques. Combined top-down with bottom-up stimulation approaches could synergistically modulate cortical activity, spinal networks as well as motor unit recruitment in muscle, reduce spasticity and muscle hyperreflexia, and develop into physical therapy strategies in neurorehabilitation of stroke patients (Figure 1).

[image: Figure 1]

FIGURE 1
 A schematic drawing of the two-stage stimulation model. Transcranial electrical or magnetic stimulation during action observation in a top-down manner combined with peripheral electrical or magnetic stimulation in a bottom-up manner develop into valuable physical therapy strategies in neurorehabilitation after stroke.


Both top-down and bottom-up stimulation techniques have shown some promise in promoting stroke recovery. However, as studies vary in the extent of the structural reserve, the simulation parameters, the phase of stroke, the duration of follow-up, and the outcome measurements, the therapeutic efficacy of different simulation techniques are inconsistently reported. The existing evidence is insufficient to make clinical recommendations in different phases post-stroke, and the way to appropriately apply these techniques in the clinical setting remains to be clarified. Top-down and bottom-up stimulation combined with AOT may have synergistic effects to reach a clinically meaningful level in stroke patients, which need to be investigated in well-designed randomized controlled trial studies with prolonged follow-up.

There are a few limitations that should be mentioned in this perspective. First, we did not differentiate the results following the time windows post-stroke. The neuromodulating effect of variable techniques may change in different stages of stroke. In addition, we did not discuss other neurorehabilitation approaches such as mirror therapy, motor imagery and constraint-induced movement therapy. Last, we did not include other new forms of neuromodulation techniques for instance vagal nerve stimulation and extremely low-frequency magnetic fields (11).




Conclusion and future perspectives

Functional recovery after a stroke depends on the extent of structural reserve of the lesioned hemisphere. The interhemispheric competition model dominates in stroke patients with high structural reserve, whereas the vicariation model dominates in those with little structural reserve. In line with this bimodal balance-recovery model, future studies should explore the effects of (1) anodal tDCS, beta tACS, high-frequency tRNS, HF-TMS, or iTBS over the contralesional hemisphere combined with PES or PMS of the paretic limbs during motor observation followed by motor execution of an identical task on subsequent motor execution-dependent motor cortex excitability in the stroke patients of the severe lesioned hemisphere; (2) anodal tDCS, beta tACS, HF-tRNS or HF-TMS over the lesioned hemisphere and cathodal tDCS, LF-TMS, or cTBS over the non-lesioned hemisphere combined with PES or PMS of the paretic limbs during motor observation followed by motor execution of an identical task on subsequent motor execution-dependent motor cortex excitability in stroke patients with high structural reserve of the lesioned hemisphere. Further research also considers its feasibility for recovery of motor functions in upper and lower limbs in stroke patients. The combination of these techniques followed by motor execution may have a synergic effect to optimize neuroplastic changes and improve motor recovery. The task-dependent neuronal network might be efficiently connected when participants observed the correspondingly complex movement under the combination stimulation techniques, which then promoted task-dependent network activity during performance of the identical task. The proposed paradigms are an innovative approach and could be an adjunctive therapy to potentiate the effect of conventional rehabilitation treatment, especially for those patients with severe motor deficit. Future studies are required to improve the efficacy of the respective interventions, and to validate these results in larger multicenter clinical trials.
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Background: Non-invasive brain stimulation (NIBS) techniques are now widely used in patients with disorders of consciousness (DOC) for accelerating their recovery of consciousness, especially minimally conscious state (MCS). However, the effectiveness of single NIBS techniques for consciousness rehabilitation needs further improvement. In this regard, we propose to enhance from bottom to top the thalamic–cortical connection by using transcutaneous auricular vagus nerve stimulation (taVNS) and increase from top to bottom cortical-cortical connections using simultaneous high-definition transcranial direct current stimulation (HD-tDCS) to reproduce the network of consciousness.

Methods/design: The study will investigate the effect and safety of simultaneous joint stimulation (SJS) of taVNS and HD-tDCS for the recovery of consciousness. We will enroll 84 MCS patients and randomize them into two groups: a single stimulation group (taVNS and HD-tDCS) and a combined stimulation group (SJS and sham stimulation). All patients will undergo a 4-week treatment. The primary outcome will be assessed using the coma recovery scale-revised (CRS-R) at four time points to quantify the effect of treatment: before treatment (T0), after 1 week of treatment (T1), after 2 weeks of treatment (T2), and after 4 weeks of treatment (T3). At the same time, nociception coma scale-revised (NCS-R) and adverse effects (AEs) will be collected to verify the safety of the treatment. The secondary outcome will involve an analysis of electroencephalogram (EEG) microstates to assess the response mechanisms of dynamic brain networks to SJS. Additionally, CRS-R and AEs will continue to be obtained for a 3-month follow-up (T4) after the end of the treatment.

Discussion: This study protocol aims to innovatively develop a full-time and multi-brain region combined neuromodulation paradigm based on the mesocircuit model to steadily promote consciousness recovery by restoring thalamocortical and cortical-cortical interconnections.

KEYWORDS
 disorders of consciousness, high-definition transcranial direct current stimulation, transcutaneous auricular vagus nerve stimulation, simultaneous stimulation, EEG microstate


Introduction

Disorder of consciousness (DOC) is caused mostly by disruption of thalamocortical and cortical-cortical connections due to extensive destruction of long-range white matter fiber tracts after severe brain injury (1). Typically, patients with DOC are classified into two levels of consciousness according to CRS-R: vegetative state/unresponsive wakefulness syndrome (VS/UWS), comprising those who retain only basic brainstem reflexes and sleep-wake cycles but no purposeful behavior, and minimally conscious state (MCS), comprising those who have fluctuating but reproducible signs of consciousness such as movement to command, visual pursuit, and localization to noxious stimulation (2).

In recent years, neuromodulation techniques have played an important role in treating neurological disorders through interventions on key hubs of the brain networks. taVNS is a novel NIBS technique that is safe and easy to use at home. It has been widely used and confirmed to have a good clinical effect on psychiatric disorders such as depression, insomnia, and cognitive disorders (3). In 2017, our team initially applied taVNS to patients with DOC and reported a case of a VS/UWS patient who improved to MCS after treatment (4). Briand et al. (5) further proposed a vagal cortical pathway model and suggested that taVNS might enhance the afferent signals from the auricular branch of the vagal nerve, promoting activity of the tractus solitarius nucleus and spinal trigeminal nucleus. Then, the neural impulses along the ascending reticular activating system (ARAS) strengthened from bottom to top the thalamic-striatal-cortical interaction to promote the recovery of consciousness (Figure 1) (5). Similarly, a subsequent longitudinal case study found another patient had improved from VS/UWS to MCS during taVNS treatment. However, the patient never fully regained consciousness after 6 months of continuous treatment and even had a downward trend in CRS-R after the end of treatment (6). Another study with a larger sample size reported that only 5 out of 14 DOC patients showed improvement in consciousness after treatment with taVNS (7). Similar results reported by Yu et al. (8) showed also that only 50% of patients with DOC had a good outcome after treatment. The fluctuation in the effective rate between study groups demonstrated that taVNS had a poor and unstable therapeutic effect on patients with DOC, which suggested a limited understanding of the underlying mechanism of taVNS for consciousness. That highlighted the urgent need for additional in-depth studies.

[image: Figure 1]

FIGURE 1
 Mechanism of action of simultaneous taVNS and HD-tDCS. taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-definition transcranial direct current stimulation; 5-HT, 5-hydroxytryptamine pathway; NE, norepinephrine; ARAS, ascending reticular activating system.


Yu et al. (8) further discovered a significant increase in cerebral blood flow in DOC patients with better prognoses after 1 month of taVNS treatment. The affected regions included the right thalamus, right caudate nucleus, left insula, superior temporal gyrus, left prefrontal cortex, precentral gyrus, and left occipital cortex. An EEG study also found that frontal–parietal and frontal-occipital connectivities were enhanced in MCS patients after 2 weeks of taVNS treatment (9). For the healthy subjects, a review pointed out that taVNS might commonly activate the thalamus, striatum, medial prefrontal cortex, and postcentral gyrus via the 5-hydroxytryptamine pathway of raphe nucleus and the norepinephrine pathway of locus coeruleus (5). In addition, studies using EEG have found increased power in lower frequency bands in healthy subjects after stimulation of taVNS, especially in the frontal and central regions (10). Based on the above evidence, we hypothesize that taVNS may initially activate the frontal regions at the cortical-cortical level. Then, these signals will disseminate to the parietal and occipital lobes through anatomical connections. However, the indirect weak effects via frontal cortex connectivity may not be enough to completely activate the posterior brain regions (Figure 1). According to the global workspace hypothesis, the formation and maintenance of consciousness required the integration of information from a large-scale frontoparietal network (11). Schiff et al. also proposed the mesocircuit model. They suggested that the initiation of consciousness relied on the interconnection via the thalamus between the frontoparietal network and anterior forebrain mesocircuit, which includes the frontal and prefrontal cortex and the striatopallidal negative feedback loop (1, 12). In conclusion, taVNS may modulate only a single neural circuit or local brain area, which cannot trigger the reconstruction of a complete consciousness network.

Transcranial direct current stimulation (tDCS) is another NIBS technique and is characterized by direct modulation of cortico-cortical connections in a top-down manner (13). Conventional tDCS consists of two electrode pads. The anode increases the excitability of the target area through subthreshold weak stimulation, while the cathode acts as an inhibitor (14). It is generally accepted that the selection of stimulation sites is a critical factor influencing the moderator effect of tDCS on neural networks (15–17). The precuneus and posterior cingulate cortex (PCC) are key nodes of the default mode network (DMN) in the posterior brain region. The precuneus/PCC and the posterior medial cortex were recognized as regions with the highest metabolic activity during the resting state in healthy subjects (18). In addition, the functional diversity and integration of the precuneus and PCC were significantly lower in patients with DOC than in healthy subjects (19). Another study further revealed that an increase in the metabolic ratio of the precuneus to the central thalamus was accompanied by improved levels of consciousness (20). Therefore, the activity of precuneus and PCC was correlated with the level of consciousness. Consequently, it was expected to be a potential stimulation site of tDCS in posterior brain regions to promote restoration of consciousness. A randomized, crossover, controlled trial found that nine patients with DOC showed behavioral recovery after repeated treatments of tDCS targeting the posterior parietal cortex (PPC) for 5 days. But the overall effective rate of the tDCS montages targeting the PPC was lower than the tDCS targeting the dorsolateral prefrontal (15). This disparity in effectiveness might be attributed to the diffuse current of tDCS that could not precisely and effectively stimulate the PPC. In this regard, HD-tDCS with a more focused stimulation current was developed to induce focal neural and specific behavioral changes. Guo et al. (21) used HD-tDCS targeting precuneus to treat patients with DOC and established that 72% (9/11) of patients with DOC had a significant increase in CRS-R scores. Furthermore, the simultaneous EEG results indicated a significant change in central-parietal connectivity, suggesting that HD-tDCS activated a wide range of brain activity outside the target (21). Thus, it seemed that HD-tDCS had a clear modulatory effect on the posterior brain regions of patients with DOC. But the overall effective rate of HD-tDCS for consciousness recovery was still precarious due to different stimulation paradigms in various studies (21–23).

In summary, we propose to enhance from bottom to top the overall activity of the anterior forebrain mesocircuit by using taVNS. Furthermore, HD-tDCS targeting precuneus will be used at the same time to compensatively enhance the frontoparietal network to overcome the issue that single NIBS techniques were insufficient to activate the large-scale consciousness circuit (Figure 1). Ultimately, the thalamocortical and frontoparietal network simultaneously will be maintained at a high level of excitability to restore the integrity of the consciousness network and accelerate the recovery of consciousness in patients with DOC. In the study, we will look into the clinical efficacy and safety of whole-time and multi-brain combined modulation to break the bottleneck of the unstable effect of NIBS techniques and deepen the understanding of the mechanisms of consciousness onset and maintenance in DOC patients.



Methods


Study design

The study is a prospective, randomized, controlled, double-blind clinical trial (Figure 2) that has been registered at the Chinese Clinical Trial Registry (ChiCTR2300069166). The study protocol is designed according to the Declaration of Helsinki and has been approved by the Ethics Committee of Beijing Tiantan Hospital, Capital Medical University (NO. KYSQ 2022-347-01). Informed consent will be obtained from a patient-authorized legal representative due to patients’ disorders of consciousness.
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FIGURE 2
 Study flow diagram. taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-definition transcranial direct current stimulation; NCS-R, nociception coma scale-revised; EEG, Electroencephalogram; CRS-R, coma recovery scale-revised.




Participants

The study has initiated in April 2023 and will continue until December 2024. A total of 84 MCS patients will be included in the Neurosurgery Inpatient Department of Beijing Tiantan Hospital. The inclusion and exclusion criteria are presented in Table 1.



TABLE 1 Inclusion and exclusion criteria.
[image: Table1]



Sample size

The sample size was calculated based on the effective rate. An improvement of at least 3 points in the CRS-R was considered an effective treatment. Previous studies found the effective rate of taVNS was 7% (n = 14) (7) and of HD-tDCS was 36% (n = 11) (21). Assuming the existence of a synergistic effect, the SJS group will have a higher effective rate of 43%, while the sham stimulation group will have no effect. Therefore, the two-sided 2 × 4 chi-square test in PASS (version 15) was used for the sample size calculation of four groups. The test power (1-β) was 80% and the type I error rate (α) was 5%. The calculated effect size W was 0.436, and then a dropout rate of 20% was considered. Finally, a total of 84 patients will eventually be enrolled, and each group will have 21 patients (Figure 2).



Procedures

The randperm function of MATLAB (Version 2020b, MathWorks Inc., Natick, United States) will be used to generate 84 random integers in random order by the study leader. Each patient will be given a random number in the order of enrollment. The first randomization will divide patients into a combined stimulation group (1–42) and a single stimulation group (43–84) based on a 1:1 ratio. Patients in the combined stimulation group will be further randomized in a 1:1 ratio into the SJS group (1–21) and the sham stimulation group (22–42). Similarly, patients in the single stimulation group will also be randomly assigned in a 1:1 ratio to the taVNS group (43–63) and the HD-t DCS group (64–84).

The study protocol is a double-blind design. Each patient will be exposed to identical-looking simultaneous stimulation. Specifically, the SJS group will receive both positive stimulation of taVNS and HD-tDCS. In contrast, the sham stimulation group will receive sham stimulation of taVNS and HD-tDCS to eliminate potential brain effects caused by the physical compression of the instrument. The patients in the single stimulation group will receive one kind of positive stimulation by taVNS or HD-tDCS. They will also receive sham stimulation of another technique at the same time to blind patients/families and therapists/assessors.

All patients will receive treatment twice a day in the morning and afternoon for 4 weeks. There are 2 days’ rest every 5 days of treatment. Considering the high current intensity of SJS, the single stimulation time of taVNS, commonly for 30 min (24), will be adjusted downward to 20 min to reduce the burden on the patient’s brain.

The Ethics Committee of Beijing Tiantan Hospital will be responsible for independent security monitoring. Adverse events and unintended events will be reported to them when every 10 patients are included. They will further assess the causal relationship between the adverse reaction and treatment. If a serious adverse event is proven to have been caused by the treatment, the trial will be terminated immediately. Appropriate medical emergency and protective measures will be given to patients at the same time.



Stimulations

The stimulation area of the taVNS (SDZ-IIB, Suzhou Medical Supplies Factory) will be bilateral auricles. A pair of clips will be placed on one side of the auricle and another pair of clips will be placed on the opposite side. A clip will have three carbon-impregnated silicone tips. The first tip will serve as the common end of the other two tips to support the posterior surface of the auricle. The second tip will be placed on the lateral scapha. The third tip will be placed on the medial auricular cavity to stimulate targets including cymba conchae and cavum conchae (Figure 1). The stimulator will provide electrical pulses of 1–1.5 mA with an alternate frequency between 4 and 20 Hz and a pulse width of 30 μs. Stimulus intensity will be routinely set at 1.5 mA for each patient. We will turn down the current when the patient’s blood oxygen saturation is below 95%, heart rate increases by more than 20%, or the NCS-R score exceeds 3 points and shows a significant increase during stimulation compared to pre-stimulation. The stimulator will have no ramp-up and ramp-off of current during the stimulation. In addition, two identical-looking instruments will be used. One, called number 1, will be capable of normal stimulation as positive stimulation after the switching on. However, the other one, called number 2, will have no current output as a sham stimulation.

The HD-tDCS (4 × 1-C2, Soterix Medical Inc.) stimulation target will be the precuneus. Pz according to an international standard 10–20 EEG system has been proven as a position overlying the medial parietal cortex and the precuneus (25). Therefore, the central electrode of HD-tDCS is placed at Pz, and the four return electrodes are placed at a distance of approximately 3.5 cm from the central electrode at Cz, P3, P4, and POz (Figure 1). The stimulation current is a constant 2 mA with a ramp-up time of 30 s and a ramp-down time of 30 s. According to simulation modeling from a realistic volumetric approach to simulate transcranial electric stimulation (ROAST) (26), the HD-tDCS montage can effectively activate the PPC and precuneus of patients with DOC (Figure 3A). In terms of sham stimulation of the HD-tDCS, its parameters will be the same as positive stimulation with the difference that the voltage will rise to 2 mA and decrease immediately to 0 mA when the instrument is turned on. The positive and sham stimulation start buttons will be, respectively, covered by two labels called numbers 3 and 4.
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FIGURE 3
 (A,D) Electric field intensity map in stimulation model from ROAST of 2.0 mA HD-tDCS that targets precuneus using Pz as the central stimulation electrode and Cz, P3, P4, POz as peripheral return electrodes. (A) Sagittal brain activation map of the MCS patient; (D) Sagittal brain activation map of Colin27 template; (B,C) Head MRI of an MCS patient caused by traumatic brain injury. (B) Axis plane; (C) Sagittal plan. (E,F) Head MRI of Colin27 standard template in the MRIcorn software. (E) Axis plane; (F) Sagittal plane.


The therapist will be informed of the HD-tDCS button number and the taVNS machine number that should be used for the treatment of each patient by the study leader before treatment. However, the therapist will not know the specific function of each number.



Neuroimaging assessments

T1-weighted brain images will be obtained using a 3.0 T magnetic resonance imaging (MRI) scanner (HD750, GE, United States) to evaluate the resting-state brain structure in each patient before enrollment. Patients with severe damage in the precuneus/PCC will not be included in the study to ensure the effectiveness of HD-tDCS stimulation.



Behavioral assessments

The CRS-R was first proposed by Giacino et al. (2) to assess the level of consciousness in patients. The scale with a total of 23 points included six subscales of auditory, visual, motor, verbal, communication, and arousal levels (2). In the study, patients will be evaluated independently by two trained clinicians. They will perform five repeated CRS-R assessments at least 2 weeks before enrollment to clarify the patient’s state of consciousness and clinical diagnosis. Finally, the highest CRS-R score will be taken as the pre-treatment (T0) baseline score. Changes in CRS-R will be assessed at three time points during treatment to reflect the effect of treatment: 1 week (T1), 2 weeks (T2), and 4 weeks (T3) (Figure 4).

[image: Figure 4]

FIGURE 4
 Treatment and data collection flow diagram. T0: 2 weeks before treatment; T1: 1 week of treatment; T2: 2 weeks of treatment; T3: 4 weeks of treatment; and T4: 3-month follow-up. MRI, magnetic resonance imaging; taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-definition transcranial direct current stimulation.


Schnakers et al. (27) developed the nociception coma scale (NCS) to assess the nociception of patients with DOC, which included four subscales of motor response, verbal response, visual response, and facial expression (27). Subsequently, Chatelle et al. (28) excluded the visual subscale to propose a more sensitive new version called NCS-R (ranging from 0 to 9 points) for assessment of nociception compared to the NCS. They found that an NCR-R cut-off value of 4 points could differentiate MCS patients’ behaviors induced by nociceptive stimulation from behaviors induced by non-noxious stimulation (28). The NCS-R will be used before and during stimulation in the study to adjust the current intensity of taVNS.



EEG recording and microstate analysis

The resting 30-min EEG signal will be recorded at a 1,000 Hz sampling rate by 32 Ag/AgCl electrodes (Nicolet EEG V32, Natus Neurology, United States) according to the international standard 10–20 EEG system (the detailed sites of 32 electrodes can be seen in Figure 1) at each time point. The impedance between the electrode and the patient’s skin will always be kept below 5 kΩ. EEG monitoring will be stopped when the patient is tired or asleep, and then the patient will be kept awake by stimulating the patient’s earlobe.

The EEG raw data will first be preprocessed offline in MATLAB (Version 2020b, MathWorks Inc., Natick, USA). The preprocessing will mainly consist of 2–20 Hz bandpass filters, 50 Hz notch filters, and down-sampling to 250 Hz. EMG and EEG artifacts will be removed by independent component analysis. Finally, all channels will be re-referenced to the average reference.

After the preprocessing, the 10-min noise-free EEG data will be imported into the Cartool toolbox1 for microstate analysis. Global Field Power (GFP) was the standard deviation of the amplitude at each point for all channels, which was used to characterize the instantaneous topographic field strength. When GFP was high, the topographic map maintained a relatively steady state and had a high signal-to-noise ratio (29). Therefore, the topographic maps corresponding to the GFP peak will be selected as the original maps for subsequent clustering analysis in this study. The clustering algorithm will be topographic atomize and agglomerative hierarchical clustering (30) with a range of clusters from 1 to 12. The optimal number of clusters will be determined by the meta-criterion (31). Subsequently, the spatial correlation coefficient between each original map and the microstate template maps will be calculated to determine the microstate category to which the original maps will belong. Then, the microstate time series will be smoothed with time frames set to 8 so that segments that are smaller than 30 ms will be rejected. In the end, four parameters of the EEG microstate will be calculated.

1. Duration: the average duration for which a microstate remains stable.

2. Occurrence: the mean occurrences of a microstate per second.

3. Coverage: the duration of a microstate divided by the total duration of all microstates.

4. Probability: the probability that a microstate transits to another microstate.



Follow-up period

Each patient will be followed up for 3 months (T4) after the end of treatment to observe residual effects and delayed adverse effects. Follow-up visits will include outpatient visits, video calls, home visits, and surrogate assessments by other healthcare organizations. The follow-up will include an assessment of CRS-R and a recording of adverse effects. The frequency of follow-up will be every 2 weeks for the first month and once a month thereafter.



Data safety and management

The medical history, demographic data, behavioral data, MRI data, and EEG data of all patients will be stored in the departmental computer database by the study leader. The Ethics Committee of Beijing Tiantan Hospital will regularly check data security.



Statistical analysis

IBM SPSS Statistics 26 software will be used for statistical analysis. The measurement data will be tested for normal distribution by using Kolmogorov-Smirnov tests. Data conforming to a normal distribution will be analyzed by ANOVA or repeated measures ANOVA for differences in each treatment group. Data not conforming to a normal distribution will be analyzed by the Kruskal-Wallis H test or Friedman test. Post hoc tests will be carried out with Bonferroni. Count data will be expressed as cases or percentages, and differences between groups for count data with all theoretical frequencies greater than 5 will be tested by the chi-square test, otherwise, Fisher’s exact test will be used. p < 0.05 will be considered to indicate statistically significant differences.




Discussion

With the advancement of technology, more and more NIBS techniques are being developed and applied in the treatment of patients with DOC, and are divided into two main categories according to the different targets. One is top-down NIBS techniques such as tDCS and repetitive transcranial magnetic stimulation (rTMS). They regulate cortical activity levels via a cortico-thalamo-cortical feedback loop (32). The other is bottom-up NIBS techniques, including taVNS and ultrasound deep brain stimulation. They intervene directly in the thalamus, and signals are further projected along ascending fibers to extensive cortical regions (8, 33). However, these single NIBS techniques of the treatment mechanisms and modulation paradigms are still being explored. Therefore, the overall effective rate is still low (34, 35).

In response, many researchers have begun to experiment with single-technique multi-targeted combined stimulation or multiple-technique combined stimulation modulation paradigms (17, 36). A study reported that an MCS patient showed object recognition, movement to command, and significant non-functional communication after 2 weeks of SJS of tDCS and rTMS targeting inferior parietal lobes (IPL). The patient’s CRS-R improved from 9 to 19 at the end of the follow-up. Meanwhile, they found that the improvement in CRS-R was accompanied by increased activities of IPL and PCC and improved connectivity in posterior brain regions (37). In addition, another study in 2021 reported that 30 healthy subjects had significantly stronger activation in the bilateral thalamus, pallidum, parahippocampal gyrus, dorsal raphe nucleus, and substantia nigra after SJS of taVNS and tDCS compared to any single stimulation, suggesting a significant synergistic effect (38). Thus, combined NIBS techniques are expected to break the upper limit of the effect of single modulation techniques.

The frontoparietal network, which is closely related to the recovery of consciousness, is composed mainly of two subnetworks: the executive control network (ECN) and the DMN (1). There is extensive competition between the two networks, which is necessary for flexible switching of attention. The ECN is responsible for external perception tasks. In contrast, the DMN is mainly involved in internal attention-directed cognitive processing such as autobiographical recall, imagining the future, and planning. Key nodes of DMN are divided into the medial prefrontal cortex in the anterior brain region and the precuneus/PCC and the inferior parietal lobe in the posterior brain region. It was reported that internal connectivity in DMN was significantly lower in VS/UWS than in MCS (39). Further study of the transient analysis found that disrupted functional connectivity in the alpha band of the anterior state between PCC and medial prefrontal cortex was accompanied by decreased level of consciousness, while high functional connectivity between the two regions indicated a positive prognosis in the distant future (40, 41). Thus, the interconnection of the two key anterior and posterior nodes within the DMN plays a key role in the generation of consciousness.

The precuneus is part of the superior parietal lobe and is located in the medial cerebral hemisphere. As mentioned in the introduction, it is hard for tDCS with low spatial resolution to focus current into the deep cortex. A recent study showed that HD-tDCS over Pz was able to activate the precuneus/PCC to improve memory retrieval performance in healthy subjects (42). As for patients with DOC, severe brain injuries often led to extensive damage and deformation of brain structures. The anterior forebrain mesocircuit was shown to be vulnerable to multifocal brain injuries due to widespread anatomical connections, while the posterior brain regions were shown to be more likely to be well-preserved (1, 21). To clarify the depth of stimulation of HD-tDCS over Pz in patients with DOC, we enrolled an MCS patient. His left frontotemporal lobe was severely damaged (Figure 3B), but there was only slight atrophy in the posterior brain regions compared to healthy subjects (Figures 3C,F). Then, his simulation modeling from ROAST demonstrated that 2 mA HD-tDCS could still effectively activate the less damaged PPC and precuneus (Figure 3A). Most studies have also generally found that HD-tDCS over Pz can effectively enhance information processing in posterior brain regions to promote recovery of consciousness (43, 44).

Based on the aforementioned theories and evidence from previous clinical studies, we propose to use taVNS to increase the excitability of the anterior forebrain mesocircuit and utilize HD-tDCS to strengthen the activities in the precuneus to facilitate the reconstruction of the frontoparietal network. Finally, SJS of taVNS and HD-tDCS will help the cortical and subcortical networks interconnect with the thalamus as the hub to reproduce the complete consciousness network.

The protocol will include only MCS patients because they have better neural plasticity and benefit more from taVNS and HD-tDCS compared to VS/UWS (9, 44). In addition, the duration of treatment is a key factor influencing the outcome. A meta-analysis summarized eight clinical studies of tDCS for DOC and found better outcomes in patients who received more than five repeated tDCS sessions than those who received only a single stimulation session (45). Wang et al. (9) used taVNS in 12 patients with DOC and none of them showed behavioral improvement after 2 weeks of treatment (9). In contrast, another study using a similar stimulation protocol but a longer stimulation time found that five patients regained consciousness, which might be due to the long-term potentiation of taVNS to increase excitatory synaptic connections (8). Therefore, 1 month was set as the treatment cycle in the study. For the primary outcome, we hypothesize that the SJS group will show a significant CRS-R increase after 2 weeks of treatment. This increase will be expected to reach its peak at 4 weeks post-treatment and remain during the 3-month follow-up. In contrast, the single stimulation group will show a significant increase in CRS-R only after 4 weeks of treatment compared to baseline. As for AEs, although tDCS and taVNS caused some mild or transient AEs, neither of them induced serious AEs. A review pointed out that the most common AEs of tDCS in patients with stroke were itching, burning sensation, headache, tingling, sleepiness, difficulty in concentration, mild fatigue, skin redness, and dizziness. Likewise, the most common AEs of taVNS were ear pain, headache, tingling, dizziness, skin redness, fatigue, prickling, pressure, itching, and unpleasant feeling (46–48). In this study, we will judge pain AEs by the NCS-R and observe bedside changes in patients’ ears, scalp, expressions, and levels of arousal and sleep to detect their discomfort and fatigue because patients will be unable to subjectively report their symptoms. In addition, if patients exhibit great residual motor function (motor subscale of CRS-R ≥ 3), we will determine the areas of pain induced by stimulation according to the patient’s performance on localization to noxious stimulation.

EEG was particularly suitable for bedside assessment of NIBS techniques in DOC because of its high temporal resolution and simplicity of operation. Microstate was a reliable method to assess dynamical changes of large-scale organized brain activity by clustering EEG topography (49). Most studies reported that four typical microstates (A–D) were sufficient to explain EEG resting activity. A microstate always remained relatively stable for 80–120 ms, and then it rapidly switched to another. The activity characteristic of the microstate was similar to the transient and metastable brain activation pattern of conscious activity (50). In the diagnosis of consciousness, microstate D was the best to classify VS/UWS and MCS patients among multiple quantitative indicators of resting-state EEG (51). Similarly, a study found that microstate D was more frequent in MCS compared to VS/UWS and was positively correlated with CRS-R. Further treatment of DOC by HD-tDCS for 2 weeks increased the frequency, duration, and coverage of microstate D in responders, while the duration and coverage of microstate C decreased (22) compared to the baseline. The latest study combined microstate C related to the salient networks and DMN (52) and microstate D related to the ECN as the L-R diagram. On the contrary, microstate A was related to the auditory network, and microstate B was related to the visual network, and both microstates were combined as the A-P diagram. It was found that the shorter duration of L-R diagrams and the higher incidence of A-P diagrams might reflect the higher-level language processing capacity of the brain in MCS (53). Therefore, microstate temporal dynamics features were reliable metrics to reflect the residual dynamic conscious activity of patients with DOC at the whole brain level. Microstates C and D might be associated with higher cognitive processing activities.

In conclusion, we intend to utilize combined stimulation to activate the intact consciousness loop and investigate the efficacy and safety of the new stimulation paradigm for speeding up the recovery of consciousness in patients with DOC. The protocol will additionally use EEG microstates that reflect global transient neural activity to evaluate the intervention mechanism of SJS on the dynamic activity of thalamocortical and cortical-cortical neural networks. These findings, in combination with clinical outcomes, will guide the subsequent development and optimization of the stimulation paradigm of combined modulation for multiple brain regions. The ultimate goal will be to achieve stable improvement in consciousness and confirm the importance of frontoparietal high-level connectivity for the formation and recovery of consciousness.
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Introduction: Neurosurgery for brain tumors needs to find a complex balance between the effective removal of targeted tissue and the preservation of surrounding brain areas. Neuromodulation-induced cortical prehabilitation (NICP) is a promising strategy that combines temporary inhibition of critical areas (virtual lesion) with intensive behavioral training to foster the activation of alternative brain resources. By progressively reducing the functional relevance of targeted areas, the goal is to facilitate resection with reduced risks of neurological sequelae. However, it is still unclear which modality (invasive vs. non-invasive neuromodulation) and volume of therapy (behavioral training) may be optimal in terms of feasibility and efficacy.

Methods and analysis: Patients undertake between 10 and 20 daily sessions consisting of neuromodulation coupled with intensive task training, individualized based on the target site and neurological functions at risk of being compromised. The primary outcome of the proposed pilot, single-cohort trial is to investigate the feasibility and potential effectiveness of a non-invasive NICP protocol on neuroplasticity and post-surgical outcomes. Secondary outcomes investigating longitudinal changes (neuroimaging, neurophysiology, and clinical) are measured pre-NICP, post-NICP, and post-surgery.

Ethics and dissemination: Ethics approval was obtained from the Research Ethical Committee of Fundació Unió Catalana d'Hospitals (approval number: CEI 21/65, version 1, 13/07/2021). The results of the study will be submitted to a peer-reviewed journal and presented at scientific congresses.

Clinical trial registration: ClinicalTrials.gov, identifier NCT05844605.
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brain tumor, neuro-oncology, prehabilitation, neuromodulation, neurorehabilitation, neurosurgery, neuroplasticity, clinical trial


Introduction

Neurosurgeons performing surgery for brain tumors face a complex dilemma: On the one hand, they must achieve the complete eradication of the tumor; on the other hand, they must preserve the healthy brain tissue surrounding the tumor (1). In fact, radical approaches have the advantage of removing a higher percentage of the tumor, but at the cost of increased risk for post-surgery functional impairments; more conservative approaches have less risks of functional deficits but expose patients to an increased likelihood of developing secondarities. In the last few years, it has been proposed to apply a conditioning intervention before surgery (prehabilitation) to modulate neuroplasticity (2, 3), called neuromodulation-induced cortical prehabilitation (NICP) (4). The objective was to reduce the functional relevance of brain areas close to the tumor (critical areas) in favor of a more distributed brain network, functionally associated with the targeted area but anatomically distant from the tumor. This way, neurosurgeons may apply a more radical approach without the associated risk of functional impairments; from this perspective, it is argued that NICP could represent the optimal therapeutic intervention before intraoperative cortical–subcortical mapping to tailor the resection up to the functional boundaries (hopefully widened by previous neuroplastic changes induced with NICP) (3).

Pioneering efforts have been made in the field, with the publication of four articles (three case reports and one case series) where NICP was undertaken by a total of seven patients with brain tumor (2, 5–7). A common element was neuromodulation coupled with behavioral training: Neuromodulation provokes temporary inhibition (virtual lesion) of eloquent areas, while behavioral training (cognitive/speech or motor training) promotes the activation of alternative brain resources. By performing several sessions of intensive neuromodulation and task-specific training, long-term depression and long-term potentiation mechanisms determine the consolidation of neuroplastic changes before surgery (4, 8).

Notably, NICP by means of non-invasive neuromodulation was applied in only one patient, the first case report of NICP published by Barcia et al. (5). The patient (a 59-year-old woman) presented with dysnomia and was diagnosed with left-sided precentral oligodendroglioma (WHO II); during the first brain surgery, the tumor could not be completely removed because of the presence of active language areas. Nine months later, symptoms worsened because of tumor progression. Therefore, before a second surgery, the patient received 13 daily sessions of NICP, consisting of continuous repetitive transcranial magnetic stimulation (rTMS) over Broca's area immediately followed by 10 min of intensive speech training. MEG showed greater bilateralization during speech production, while fMRI with a similar paradigm did not show any change. Language function was temporarily affected after each rTMS session and improved over basal values after each speech training session; along the experiment language function improved, with rTMS having a progressively lower impact. Transient language deficits were present after the second surgery, recovered after 3 weeks, but did not achieve preoperative scores. Surgery was not performed with radical intent, given that an intraoperative biopsy indicated radiation necrosis. Afterward, the patient developed secondarities and died 3 months later.

Since this first case report, it has been inferred that NICP could promote neuroplastic and behavioral changes, but also that higher dosages or different modalities of intervention may have been required (5). In line with these hypotheses, subsequent studies applied radically different NICP protocols, where invasive neuromodulation (extraoperative direct cortical stimulation) was applied continuously (24 h a day) at maximal tolerable intensity, with the goal of inhibiting eloquent areas within or near the tumor. In a case series of five patients, Rivera et al. (2) performed first brain surgery, followed by NICP over 15–25 days of therapy, and finally a second surgery (2). During the first surgery, neurosurgeons removed as much tumor mass as possible based on results from cortical and subcortical intraoperative stimulation mapping, while at the same time implanting a grid of subdural electrodes for intracranial electrical stimulation. The subsequent NICP protocol consisted of continuous intracranial stimulation over eloquent areas to inhibit their functionality (virtual lesion), while at the same time providing intensive behavioral training (several hours a day) to patients, to foster the activation of associated functional networks. After several weeks of prehabilitation, a second surgery was performed, where neurosurgeons removed the grid of electrodes and sought to eradicate an additional tumor mass. Results were promising: there was a marked reduction in the functional relevance of eloquent areas, so that during the second surgery, neurosurgeons could remove an additional percentage of tumor mass, without any permanent deficit. However, the main limitations were the need to perform two surgeries and the relatively high rate of adverse events (focal seizure, osteomyelitis, epidural abscess, intermittent myoclonus, and subdural hematoma) caused by surgery and by the presence of intracranial electrodes. More recently, Serrano-Castro et al. (7) published a case report of a 17-year-old patient with a neuroepithelial dysembryoblastic tumor in the left temporo-parietal region provoking refractory focal motor seizures (7), who undertook a similar protocol as described by Rivera-Rivera et al. (2) (first surgery, placement of intracranial electrodes for invasive neuromodulation during subsequent prehabilitation, and second definitive surgery to remove the tumor and the electrodes). However, the first craniotomy was intended specifically for placing electrodes, and NICP was performed for only 6 days, during which language training was provided very intensively (6 h a day). The outcomes were the development of functional activation in the homologous right Wernicke's area and no residual motor language function over the tumor region. Such neuroplastic changes made possible to perform complete tumor eradication, and the patient has since then (at least 1 year) been seizure-free, with no neurological symptoms.

To summarize, seminal results from previous studies indicate that NICP is capable of clinically meaningful neuroplastic changes, although the optimal modality and dosage of therapy remain to be elucidated (4). On the one hand, invasive modalities allow intensive and prolonged inhibition of cortical activity over targeted areas, resulting in meaningful neuroplastic changes, but at the cost of additional surgery and an increased rate of adverse events (2). On the other hand, non-invasive neuromodulation is relatively safe and feasible but has shown less convincing results regarding neuroplasticity (5). However, non-invasive NICP was investigated in only one patient receiving a small, and perhaps insufficient, volume of intervention; further cohort studies exploring different neuromodulation modalities and higher volumes of therapy are needed to determine the feasibility and effectiveness of non-invasive NICP (3, 4).

Therefore, the objectives of the present single-cohort, pilot feasibility trial were to investigate the feasibility (primary outcome) and effectiveness (secondary outcome) of a NICP protocol before brain surgery, consisting of daily sessions of non-invasive neuromodulation over critical areas, followed by intensive behavioral training. We include patients with brain tumors requiring elective neurosurgery. By performing non-invasive neuromodulation within safety guidelines (9), we hypothesize that the protocol is safe and well-tolerated by subjects, with no adverse events and high adherence to the treatment. Second, by comparing neural correlates pre- vs. post-prehabilitation, we will determine whether the intervention is effective in promoting a functional reorganization of the brain, similar to what has already been demonstrated for therapeutic applications of neuromodulation in stroke and other neurological disorders (10). Finally, we will report outcomes post-surgery and the individual's evolution in the long-term recovery phase. The main results will be disseminated by publishing an open-access original research article on the feasibility and effectiveness of non-invasive prehabilitation in neuro-oncology. Furthermore, we will create an online database of case reports with detailed information regarding prehabilitation, surgery, post-surgery rehabilitation, and the long-term evolution of each patient to inform the international community of neurosurgeons and other clinicians in the neurological field.



Methods and analysis

A schematic of the study protocol is outlined in Figure 1. The whole protocol has been developed according to the SPIRIT 2013 guidelines for protocols of clinical trials (11, 12).
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FIGURE 1
 Schedule of enrollment, interventions, and assessments. Interventions at each time point of the study period: -t1 (enrollment): eligibility screen, informed consent, and baseline evaluation. t0 (allocation): fMRI and TMS mapping to determine whether to allocate patients in the prehabilitation program for upper limb or language training; baseline evaluation, if not performed at -t1; assessment of mobility, independency, and quality of life. t1: assessment before starting the prehabilitation protocol; assessment of clinical outcomes related to upper limb or language/cognitive function. t2: first session of prehabilitation. t3: last session of prehabilitation. t4: assessment after the end of the prehabilitation protocol; assessment of clinical outcomes related to the intervention, mobility, independency, quality of life, fMRI, and TMS mapping. t5: surgery. t6: surgical outcomes: intraoperative brain mapping, amount of tumor removed, adverse events, and post-surgery symptoms.



Study settings

Patients on the waiting list for brain surgery are referred by neurosurgeons involved in the study. The principal investigator (JMTM) obtains written informed consent from patients wishing to be enrolled. Participants undertake an articulated, multidisciplinary protocol consisting of clinical, neurophysiological, and neuroimaging assessment, non-invasive brain stimulation, and intensive neurorehabilitation before surgery, neurosurgery, and neurorehabilitation post-surgery. Clinical assessments, neurophysiological investigations, and the whole prehabilitation program are performed at the Guttmann Institute (Guttmann Barcelona – Brain Health and Neurorehabilitation, Barcelona, Spain). Neuroimaging assessment is performed at the Unitat d'Imatge per Ressonància Magnètica IDIBAPS (Institut d'Investigacions Biomèdiques August Pi i Sunyer) at Hospital Clínic de Barcelona, Barcelona. Neurosurgery is performed at the hospitals where the neurosurgeons involved in the study operate. Post-surgery neurorehabilitation is provided at the Guttmann Institute (Institut Guttmann, Badalona, Spain).



Eligibility

Inclusion criteria are as follows: adults (age ≥ 18 years old) with a diagnosis of brain tumor requiring neurosurgery; ability to undertake at least 10 sessions of the prehabilitation protocol; tumor location posing the patient at risk of developing post-operative neurological deficits, for instance at the level of upper limb motor function and speech production; ability to understand the general purpose of the prehabilitation program and understand simple instructions; being willing to participate and sign the informed consent; being able to sit unassisted for 1 h.

Patients are excluded in cases of any contraindication for magnetic resonance imaging or transcranial magnetic stimulation (9); unstable medical conditions; musculoskeletal disorders that may significantly affect functional training; severe speech and/or cognitive impairment; pain, depression, and fatigue that may significantly affect functional training; and a history of alcohol/drug abuse.



Primary and secondary outcomes

The primary outcome is the feasibility of the whole intervention, defined by the following parameters:

- Adherence to treatment: to define that the patient completed the protocol, at least 75% of the planned sessions should be performed.

- Retention: successful retention rate is reached if at least 75% of enrolled participants complete the prehabilitation program.

- Adverse events: absence of any adverse event attributable to the prehabilitation program, except for expected transient mild symptoms previously reported for neuromodulation (headache, syncope, and skin irritation) or motor training (mild pain and fatigue).

- Patient's satisfaction: At the end of the protocol, participants fill out questionnaires evaluating the patient's satisfaction with the treatments received (13).

Secondary outcomes are related to exploratory analyses of the effectiveness and potential mechanisms of action of the proposed intervention. We investigate changes from baseline regarding clinical outcomes, fMRI, and TMS mapping. Notably, the goal of the intervention is to reduce the functional relevance of targeted areas because of compensatory activation of other brain resources within the same functional network. Slow-growing tumors already demonstrated that similar neuroplastic changes may occur, with the tumor mass progressively interfering with the functionality of critical areas, while remote brain areas increase their activation; such compensatory mechanisms may explain why these types of tumors are asymptomatic and without any functional deficits in the initial phases (14, 15). From this perspective, the prehabilitation program could be considered a method to artificially optimize and accelerate this neuroplastic adaptation for therapeutic purposes (3). Therefore, we do not expect significant changes regarding clinical outcomes, whereas we consider changes in neuroimaging and neurophysiology outcomes as indicators for the effectiveness of the prehabilitation program.


Brain tumor classification and surgical outcomes

For oncological patients, tumor classification is based on the 2021 WHO Classification of Tumors of the Central Nervous System, which represents the most updated taxonomy of brain tumors, and the first classification system considering molecular profiling together with histology (16). Surgical outcomes consider results from intraoperative brain mapping, the absolute and relative amount of tumor removed, adverse events, and neurological status post-surgery.



Measurement of motor function, independency, and quality of life

Clinical assessments of upper limb motor function include the following measurements:

- Nine-Hole Peg Test (9HPT) evaluates manual dexterity (17, 18). A dedicated platform is placed in front of the patient, with nine pegs inside a container on the side to be evaluated, and nine holes on the other side. The patient is asked to place pegs into the holes and then put them back in the container, as fast as possible; they are allowed to perform a practice trial before the test trial. The therapist has a stopwatch to measure the time to complete the task and instructs the patient in case of errors (more than one peg picked up at the same time, pegs dropped on the table/floor, etc.). Excellent inter-rater and intra-rater reliability (19, 20) and sensitivity to change have been reported for patients with multiple sclerosis and other neurological disorders (20, 21).

- Fugl–Meyer upper extremity (FM-UE) evaluates upper limb motor impairment, from reflex activity to voluntary motor control out of synergies (22). There are four separate sections, for the assessment of motor function at the level of the arm, the wrist, the hand, and speed–tremor coordination during a finger-to-nose task. Each item is scored as 0, 1, or 2, with a total score ranging from 0 to 66, with lower scores indicating more severe motor impairment. Excellent intra- and inter-rater reliability has been established (23), together with other psychometric measures related to validity, sensitivity, and responsiveness to change (24–26).

- Shoulder abduction finger extension (SAFE) is a quick clinical assessment of upper limb strength, defined as the ability to perform abduction of the shoulder and extension of the index finger; it has potentially high prognostic value for neurological disorders, such as stroke (22). Scoring is usually based on the Medical Research Council scale, ranging from 0 (no visible muscle contraction) to 5 (normal). For the present study, we consider the corresponding items from FM-UE (27).

- To quantify the strength of the hand grip, we use an electronic hand dynamometer. According to the standardized setup, patients are holding the dynamometer while sitting, shoulder adducted and neutrally rotated, elbow at 90-degree flexion, and forearm halfway between pronation and supination (28). They are asked to perform a maximal grip strength effort for 3 s, rest for 60 s, and then repeat the measurement two more times; the average of the three trials is used as the most reliable test result (29). Excellent test–retest reliability has been established (30).

- Reaction time tasks are useful to measure the efficiency of basic processes for perception and response execution. For the present study, we use the Deary–Liewald reaction time task, a freely available program with established validity and reliability (31). In the simple reaction task paradigm, the patient is facing a blue computer screen with one white window in the center, and the index finger of the hand that is being evaluated over the space bar. The instruction is to click on the space bar as soon as an ‘X' appears on the white window; practice trials are allowed before the test trial, which consists of 20 stimuli with a random interval (1–3 s) in between. In the choice reaction task paradigm, there is a similar setup; this time there are four white windows aligned in the center of the screen, and the patient is holding the fingers over the four corresponding letters of the keyboard. Every stimulus consists of an “X” appearing randomly in one of the four windows; patients are instructed to click the corresponding letter as soon as possible. Practice trials are allowed before the formal test trial. For the present study, we adapted the program of reaction time tasks to evaluate one hand at a time without stringent time constraints.

For lower limb motor function, balance, mobility, independency, and quality of life, we consider the following measurements:

- Fugl–Meyer lower extremity: assessment of lower limb motor impairment (22). Each item is scored 0, 1, or 2, with a total score ranging from 0 to 34; low scores are indicative of more severe motor impairment. Excellent reliability has been established for the assessment of motor function after stroke (32).

- Brunel balance assessment: assessment of balance based on 12-item hierarchical tasks, from sitting with arm support to stepping over a step, with excellent reliability and responsiveness to change (33).

- Six-min walking test: submaximal test of aerobic capacity (34, 35). The patient is instructed to walk along a straight path for 6 min, with the goal of covering the longest distance possible within 6 min. Patients are allowed to walk, independently or with the use of assistive devices, and to take rests while standing. Running, sitting, or receiving physical assistance from the therapist (other than help for balance) is not allowed. For the present study, we use a 25-meter path, with visible turning points at the beginning and the end.

- Dual-task assessment is performed, to investigate the interference between cognitive and motor tasks, in particular counting backward three by three during standing balance and gait.

- Neurologic Assessment in Neuro-Oncology (NANO) scale, for the evaluation of neurological functional status in patients with brain tumor (36);

- Karnofsky Performance Status (KPS), for the classification of oncological patients based on the severity of symptoms and their impact on functional independency (37).

- EORTC-QLQ-C30: questionnaire of quality of life for oncological patients (38, 39).

- BN20: EORTC brain cancer module, assessing quality of life specifically for patients with brain tumor (40).

- FA12: EORTC module assessing the impact of fatigue on quality of life for oncological patients (41).



Measurement of language/cognitive function

For the clinical evaluation of language and the rest of higher cognitive functions, subtests from the following batteries and neuropsychological tests are used:

- Revised Barcelona Test (TB-R) (42): battery of neuropsychological tests with the aim of assessing high cognitive functions.

- WAIS-III Wechsler Adult Intelligence Scale (43): global intelligence scale for adults that allows for obtaining verbal, manipulative, and total intelligence quotients, as well as indicators of verbal comprehension, perceptual organization, working memory, and processing speed.

- Trail Making Test (44): test used to assess visual attention, sequencing, flexibility, and graphomotor ability. It consists of two parts. In the first part, the subject must place numbers in order along a line; in the second part, the task is to place numbers and letters alternately, in an orderly way.

- Continuous Performance Test-III (CPT-III) (45): computerized test that assesses sustained attention. The subject must press a key whenever a non-target letter appears (if the target is the letter “x,” it should not be pressed).

- Rey Auditory Verbal Learning Test (46): test assessing auditory verbal memory. Fifteen words are read aloud to the subject, who is then asked to repeat as many words as they remember. The procedure is repeated four more times. After some time, a delayed recall of the list is made, and finally, a recognition test is carried out.

- WMS-IV Wechsler Memory Scale (47): scale to assess memory functions.

- Symbol Digit Modalities Test (46): test of attention and visual tracking, concentration, and psychomotor speed. An answer sheet divided into boxes is presented, in which the stimuli are made up of a sequence of geometric figures with a number assigned to each one. The subject must write the number corresponding to each figure in the relevant box, as quickly as possible.

- PMR verbal fluency by letter (48): test assessing lexical access and verbal fluency, in which the subject is asked to say as many words beginning with “P” as they can, within 1 min. The same instructions are given for the letters “M” and “R”.

- Hayling test (49): test that evaluates behavioral regulation, initiation speed, and response inhibition. In the first part, the subject is asked to complete a series of sentences as quickly as possible. In the second part, the subject must complete the sentence with a non-obvious word based on the context.

- Wisconsin Card Sorting Test (50): test evaluating executive function, in particular mental flexibility and abstract reasoning. Four stimulus cards are presented, with different shapes, colors, and number of figures (categories). The subject must match each card in the deck with one of the four key cards (without being told how to do this). The participant only receives feedback on whether the match is correct or incorrect.

Bilingualism is tested by means of a questionnaire (51). Each participant is going to be self-rated on a 4-point scale on the abilities of comprehension, Reading, writing, fluency, and pronunciation for each language (1 = poor, 2 = regular, 3 = good, and 4 = perfect). In addition, a laterality test is included, the Edinburgh Handedness Inventory (52), as well as a questionnaire to assess anxiety and depression, the Hospital Anxiety and Depression Scale (53).



Neuroimaging

Magnetic resonance imaging (MRI) is acquired to assess anatomical and functional (fMRI activation maps) brain changes due to intervention and surgery. For instance, the development of novel activation sites distant from the surgical target may indicate that NICP was effective in promoting a reduction of functional relevance for targeted areas, in favor of a more distributed network. Therefore, all patients undergo three identical MRI sessions: (1) before NICP, (2) after NICP but before surgery, and (3) after surgery. Each session consists of MRI data acquisition using a 3 Tesla Siemens PRISMA scanner and a 32-channel head coil. The protocol includes accelerated multiband sequences adapted from the Human Connectome Project and provided by the Center of Magnetic Resonance Research (CMRR) at the University of Minnesota.

Regarding anatomical acquisitions, a high-resolution T1-weighted structural image is obtained with a magnetization-prepared rapid acquisition gradient-echo (MPRAGE) three-dimensional protocol, in which in an ascending fashion a total of 208 contiguous axial slices are obtained [repetition time (TR) = 2400 ms, echo time (TE) = 2.22 ms, inversion time = 1000 ms, flip angle = 8°, field of view (FOV) = 256 mm and 0.8 mm isotropic voxel]. In the same session, a high-resolution multishell diffusion-weighted MRI scan is obtained. This scan consists of two multiband acquisitions (anterior–posterior; acceleration factor = 4), sensitized in 99 monopolar directions with a b-value of 3000 s/mm2 in an echo-planar imaging sequence [TR = 3230 ms, TE = 89.20 ms, section thickness = 1.5 mm, voxel size = 1.5 × 1.5 × 1.5 mm, FOV = 210 mm].

In terms of quantifying brain function, resting-state and task functional MRI (fMRI) are acquired. Both consist of high-resolution multiband (anterior–posterior phase-encoding, acceleration factor = 8) interleaved acquisitions [T2*-weighted EPI scans, TR = 800 ms, TE = 37 ms, 750 volumes, 72 slices, slice thickness = 2 mm, FOV = 208 mm]. First, resting-state fMRI is acquired while the patient is instructed to keep his eyes closed and remain still without falling asleep.

Then, task fMRI is acquired during three language and three motor paradigms, which adhere to the following procedures:

- Word generation task: Block paradigm consisting of five cycles. Each cycle comprises 30 s of rest followed by 30 s during which the participant must mention words starting with a certain letter. These letters are “F”, “A”, “S”, “M”, and “E”, in this same order.

- Semantic decision task: Block paradigm consisting of five cycles. Each cycle comprises 30 s of rest followed by 30 s during which the participant must mention objects from certain places: school, kitchen, car, house, and hospital.

- Comprehensive auditory task: Block paradigm consisting of three cycles. Each cycle comprises a 30 s block, in which a story is narrated in a made-up language (inactive/rest block/condition), followed by another 30 s block, in which a story is narrated in Spanish (active block/condition).

- Finger tapping task: Block paradigm consisting of three cycles. Each cycle comprises a 30 s block, in which the patient is asked to do a fingering exercise (tap each finger with the thumb) in the corresponding hand, followed by another 30 s of rest.

- Ankle flexion task: Block paradigm consisting of three cycles. Each cycle comprises a 30 s block, in which the patient is asked to move the corresponding foot up and down slowly, followed by another 30 s of rest.

- Tongue movement task: Block paradigm consisting of three cycles. Each cycle comprises a 30 s block, in which the patient is asked to move the tongue in circles without opening the mouth, followed by another 30 s of rest.



TMS for assessment and modulation of brain function

Neuromodulation by means of TMS is used for assessment and therapeutic purposes, to both non-invasively estimate the excitability and modulate the plasticity of the cerebral cortex (Figure 2).
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FIGURE 2
 Neuronavigated TMS mapping and neuromodulation. Example of Brainsight project developed for neuronavigated TMS mapping of motor and language functions (upper row) and for subsequent neuromodulation by means of low-frequency rTMS (lower row). In this case, a patient with subcortical frontotemporal tumor undertook NICP for language function, with the target of stimulation based on MNI coordinates of peak fMRI activity for ipsilesional semantic decision task. The overlays in fuchsia and beige are clusters of fMRI for word generation task and semantic decision task, respectively.


Typical assessments are single-pulse and paired-pulse protocols (54, 55). With single-pulse, it is possible to determine the resting motor threshold (RMT) and then measure contralateral peripheral response to suprathreshold motor evoked potentials (MEPs) during motor mapping of the upper limb, lower limb, and facial muscles. When a suprathreshold MEP is delivered over contralateral M1 during an isotonic muscle contraction, a cortical silent period (transient disruption of EMG activity) is visible immediately after the stimulus and is a measure of intracortical inhibitory circuitry. Other assessments of intracortical inhibition are investigated by paired-pulse protocols, such as short-interval and long-interval paradigms where the inter-stimulus interval is between 1–5 ms and 50–200 ms, respectively. By contrast, paired-pulse at intervals between 8 and 30 ms cause intracortical facilitation.

There are several paradigms of repeated TMS (rTMS) to promote neuroplastic changes (9, 56). Conventional rTMS has inhibitory effect at low frequency ( ≤ 1 Hertz) and excitatory effect at high frequency (>1 Hertz). For patterned (theta-burst stimulation, TBS) rTMS, inhibitory and excitatory effects result from continuous TBS and intermittent TBS, respectively. Stimulation parameters (stimulation intensity, number of pulses) and external factors (medications, drugs, mental status) may significantly alter or even reverse the effect of the neuromodulation (57, 58); therefore, treatment sessions should be performed in standard conditions and following specific protocol parameters.



Neurophysiological assessment

By performing neuronavigated TMS mapping, we compare the anatomical distribution of active targets pre- vs. post-intervention. The same targets and intensity of stimulation defined at baseline are used at the end of the intervention, to allow comparisons. A figure of 8 coil (MagPro Cool B65-AP-RO Coil) connected to a transcranial magnetic stimulator (MagVenture MagPro x100) is driven by a robotic arm (Axilum Robotics TMS-Cobot) controlled manually or through a dedicated neuronavigation software (Brainsight TMS neuronavigation). We apply biphasic current with an anterior–posterior followed by a posterior–anterior current direction in the brain; the TMS coil is held tangential to the scalp, the handle pointing backward with a 45-degree deviation from the sagittal plane. For curvilinear 3D brain reconstruction (MNI coordinates), participant's structural and functional MRI data are uploaded. Grids of targets (inter-target distance: 10 mm) are defined based on anatomical landmarks for the subsequent motor/language mapping protocol and to determine the hotspot for neuromodulation. Grids are placed in correspondence with the primary sensorimotor and premotor areas (motor mapping) and over the pars triangularis and the gyrus supramarginalis (language mapping).

The procedure for motor and language mapping (at baseline and at the end of the prehabilitation program) is as follows:

Set up. The patient is seated on an electromechanics treatment chair to ensure comfort and stability during the assessment. An optic tracker (Polaris Vicra) detects trackers for 3D localization of the Cobot, the patient (a Brainsight Adhesive Subject Tracker is attached to the patient's forehead), and the pointer (Brainsight P-970, for the registration of anatomical landmarks). After skin preparation (alcohol swab), self-adhesive electrodes for EMG recording are attached bilaterally to the olecranon (ground), the muscle belly of the first dorsal interosseus (FDI, negative electrode), and the muscle tendon of the FDI (positive electrode). A pillow is placed underneath the forearm of the side being assessed, to ensure that muscles are completely at rest during the protocol. PowerLab 8/35 and Quad Bio Amp (ADInstruments, data acquisition hardware devices) register the EMG response and send data to the dedicated software (ADInstruments, LabChart, data analysis software). Every time a TMS pulse is delivered, a trigger signal is sent automatically from the MagPro x100 to the PowerLab through a D-type 26-BNC interface cable, to initiate the recording of the EMG response. For language mapping, a screen for image presentation is placed in front of the patient. One computer runs Brainsight, while another computer runs LabChart and a dedicated MATLAB script for language mapping.

Mapping protocol. The whole protocol is performed for both the affected and unaffected sides. For motor mapping, the entire session is recorded in LabChart. A preliminary search of the hotspot is performed around the hand knob of the precentral gyrus, starting from an intensity of 35–40% and rising progressively up the intensity until stable MEPs (here defined as signals with peak-to-peak amplitude larger than 500 μV) are produced. Then, a formal hotspot search is performed, by applying five stimuli to each selected target; the target showing the largest average MEPs is considered the hotspot to determine the RMT, defined as the lowest intensity capable of eliciting three MEPs (signals with peak-to-peak amplitude larger than 50 μV) out of six consecutive stimuli (5- to 10-s interval). Once RMT has been determined, motor mapping is performed by applying five stimuli for each target (120% RMT intensity, 5- to 10-s interval) as far as positive MEPs (signals with peak-to-peak amplitude larger than 50 μV) are detectable.

For language mapping, a speech disruption protocol is applied. Initially, patients are familiarized with pictures and instructed to name them as soon as they appear on a screen in front of them. Once it is verified that the patient can name pictures correctly, we start language mapping. rTMS (five pulses at 5 Hertz, 90% RMT) is delivered to each target, together with presenting a picture on the screen (picture presentation time: 500 ms; delay picture-rTMS: 0 ms). The order of target stimulations and picture presentations is pseudo-randomized. An audio/video recording of the patient's response (from 0 to 3000 ms after the first rTMS stimulus) is evaluated offline by a neuropsychologist unaware of the target that has been stimulated to determine whether there was an episode of speech arrest, anomia, or other speech disruption phenomena. The language protocol is repeated until each target receives rTMS three times. A dedicated MATLAB script is developed to automatically synchronize rTMS with picture presentation and audio–video recording.




Interventions

Patients are scheduled for a minimum of 10 and a maximum of 20 treatment sessions, distributed as one/two sessions each weekday. Each session consists of 30 min of neuromodulation (rTMS or tDCS) coupled with 60 min of intensive motor or language training. The decision on whether to provide rTMS or tDCS is individualized based on specific patient and lesion characteristics.

Notably, the coupling between neuromodulation and task training represents a therapeutic application of the concept of metaplasticity. In fact, metaplasticity has been defined as any change in the direction or degree of synaptic plasticity based on prior neural activity (59). A typical study design investigating metaplasticity applies multiple rTMS sessions within the same day (accelerated rTMS), with minutes/hours between sessions (60). Compared to single rTMS, it has been demonstrated that accelerated rTMS may produce additive strengthening of neuroplastic changes, both for excitatory (60) and inhibitory (61) paradigms. Another way of exploiting the therapeutic potential of metaplasticity is through the combination of rTMS with task training. Previous systematic reviews and randomized controlled trials have already demonstrated the beneficial effect of rTMS delivered before therapy for aphasia, lower limb, and upper limb motor function in stroke patients (62–64). In this perspective, for the present study, neuromodulation is the metaplastic ‘primer' setting the direction and degree for subsequent neuroplastic changes promoted by intensive task training.


Neuromodulation – Navigated rTMS

rTMS is applied with the following parameters: waveform: monophasic; intensity: 90% resting motor threshold (RMT); pulse frequency: 1 Hertz; total number of pulses: 1800. The choice of the target is determined based on anatomical considerations and results from neurophysiological and neuroimaging assessments; hence, the area of highest activity among those structures anatomically located near the tumor is considered the target. For instance, by performing motor and language mapping, we could identify active targets at the level of targeted areas, such as the hand knob or sites where speech arrest was detected. We also consider the center of mass of fMRI mapping related to hand movement and speech production as potential hotspots for neuromodulation.



Neuromodulation – tDCS

In those cases of subcortical tumors potentially affecting a wider area and more than one function, tDCS is performed with the aim of inhibiting (cathodal stimulation) distributed areas related to functions potentially at risk of being compromised, while at the same time promoting the activation (anodal stimulation) of safer areas within the same functional network.



Training of functions at risk of being compromised

Training is performed immediately after inducing a virtual lesion, focusing on functions related to structures targeted by neuromodulation. Motor, language, and/or cognitive functions are selected at the beginning of the protocol, considering the anatomical location of the tumor, medical condition, and pattern of activation by each of the assessed functions in the fMRI.

Detailed design and monitoring of training sessions are gathered, including goals pursued in any session, assigned activity, number of repetitions, and performance.


Prehabilitation motor training

Patients undertake intensive motor training sessions soon after (TMS) or during (tDCS) neuromodulation, i.e., in the condition of a virtual brain lesion (targeted area temporarily inhibited). This way, the brain must recruit alternative resources, which cumulatively determine neuroplastic changes and a stable shift of functional activation patterns away from critical areas.

There is a potentially infinite range of activities that could be trained; to be systematic, we defined a taxonomy of exercises based on anatomical and functional domains. Considering, for instance, the upper limb, we decided to prioritize tasks based on proximal (reaching and hand orientation) or distal (finger individuation and manipulation) components of upper limb movements. Within each component, we consider the integration between upper limb motor function and other body segments and/or task domains. For instance, some tasks may be accomplished by using one arm or hand (unimanual), while others may require the cooperation of both limbs (bimanual coordination) or additional balance and/or cognitive challenges (sequence learning, motor memory, and dual task). The goal is to cover all aspects of upper limb functionality and possibly to promote network connectivity of cortical–subcortical–cerebellar structures related to motor control and executive function, beyond the predominant activation of motor–premotor areas of the affected side (65–68).

Other important concepts of motor learning that we consider are task difficulty, task intensity, and task variability (69). Task difficulty refers to the type of challenge that we impose; for instance, speed, accuracy, the ability to isolate or integrate different motor, and/or cognitive tasks. Task intensity refers to the necessity of a high number of repetitions to promote neuroplastic changes associated with motor learning. Task variability is necessary to avoid patient boredom and generalize the benefits of the training; in fact, training always on the same task makes you proficient specifically on that task, while varying training conditions foster retention and generalization of learning to new tasks (70).

Finally, we should point out that most patients are relatively young adults with limited to no symptoms of motor/cognitive impairments before surgery. Therefore, we consider challenging activities that resemble sports and playful games, such as hitting targets, playing ball games, playing the Piano, and manipulating objects. Two common elements of all interventions are (1) that task performance is made up of discrete repetitions and (2) that outcomes are quantitatively measurable. For instance, preparing a meal, dressing, or tidying the table are motor tasks that cannot be easily divided into repetitions or whose outcome is quantitatively defined. By contrast, hitting targets or playing the piano are made of discrete individual repetitions, require specific spatial and temporal accuracy, the success/error rate can be easily measured, and progression can be monitored over time. To summarize, we prioritize goal-oriented, challenging tasks for their positive impact on neuroplasticity (network activation and connectivity), motor learning (difficulty, intensity, and variability), and motivation (constant monitoring of performance).

Virtual reality is also used to promote the activation of non-canonical pathways related to function (71). Any user can effectively distinguish immersive virtual reality from the real world, evidencing different enough recruited networks. However, training in a virtual environment transfers to real-environment learning (72, 73). This well-documented phenomenon enables virtual reality training to promote the recruitment of alternative pathways in the context of preferential ones.



Prehabilitation language and cognitive training

Similar to motor training, sessions are performed soon after TMS or during concomitant tDCS. Patients undertake computerized cognitive training sessions on the online rehabilitation platform “Guttmann NeuroPersonalTrainer”® (GNPT) (74), with a duration of ~60 min per session. Tasks aim at language training (60% of the tasks) and other cognitive functions (40%), consisting of a set of personalized cognitive exercises based on the initial neuropsychological assessment that allows for establishing the profile of cognitive impairment. These tasks are adequately parameterized. To this end, neuropsychologists may define a set of input parameters for every task, such as presentation speed, latency time, or number of images, allowing personalization based on different difficulty levels. Regarding language, tasks are planned and supervised in a personalized way by a neuropsychologist, readjusting their planning if necessary.

Language tasks are oriented to naming and generating words, although other tasks oriented to language expression (grammar, semantics, and writing) and language comprehension (reading, comprehension of words, sentences, texts, and listening) could be contemplated.

For the rest of the cognitive functions, GNPT platform allows programming the following functions: (1) temporospatial orientation; (2) attention (selective, sustained, and divided); (3) memory (visual, verbal, and working memory); (4) executive functions (planning, inhibition, flexibility, sequencing, and categorization); (5) visual gnosis; (6) mental calculation; and (7) constructive praxis.

Furthermore, cognitive training is complemented by the telerehabilitation platform of the Barcelona Brain Health Initiative (BBHI) (75).

Finally, we apply specific tasks to train bilingualism. The objective is to achieve the disturbance of linguistic tasks through the temporary inhibition of the critical areas near the lesion (peritumoral), so that the brain can find alternative resources and facilitate neuroplasticity processes. This linguistic disturbance is made according to the representation of the tumor area (areas of higher functional compromise), to later realize language tasks, such as naming, comprehension, and fluency tasks in two languages (Spanish/Catalan), to enhance residual activities and promote a reorganization of functions during the disturbance. Prior to these procedures, a bilingualism questionnaire is administered to assess the dominant language of each participant.





Discontinuation, adherence, permission for concomitant care, ancillary, and post-trial care

Intervention is discontinued at the participant's request or in case of adverse events attributable to neuromodulation (seizure). Adherence to treatment is monitored by recording the rate of sessions attended over the total number of planned sessions.

Patients are allowed to undertake any concomitant care during the intervention if it does not interfere with the schedule of the prehabilitation program. However, we also recommend patients avoid other neuromodulation or motor skill training approaches, as they may be counterproductive to the desired outcome of the intervention. For instance, undertaking additional upper limb training sessions outside the prehabilitation protocol may reinforce the activation of peritumoral areas, as the inhibitory effect of neuromodulation might not be present anymore.

In case of post-surgery cognitive and/or neurological deficits, neurorehabilitation (usually 10 to 30 sessions) will be provided by the Guttmann Institute as a service offered to patients who have participated in the research study.



Dissemination

A summarized version of the study protocol has been published online with ClinicalTrials.gov Identifier NCT05844605 (more information of the SPIRIT WHO trial registration data set are reported in Table 1).


TABLE 1 SPIRIT WHO trial registration data set.

[image: Table 1]

Study data are collected and managed using REDCap electronic data capture tools hosted at Guttmann Institute (76, 77). To ensure confidentiality, each study participant is identified with an alphanumerical code. Data from neurophysiology and neuroimaging are anonymized and stored on online cloud platforms. Accessibility to data files is granted by the principal investigator only to researchers involved in data management. The hard copy of informed consent forms and other data collected on paper is stored in a locked closet at the Guttmann Institute, accessible only by the principal investigator.

Anonymized data supporting study findings are available from the corresponding author, upon reasonable request. Alternatively, an online data repository named “Joan Ribas Araquistain Dataset on Brain Tumor Prehabilitation” is created and made accessible upon reasonable request to accredited clinicians, researchers, and institutions in the field of neuro-oncology. Furthermore, we sought to establish collaboration agreements with international oncology databases, such as the Georgetown Database of Cancer (G-DOC), REMBRANDT (Repository of Molecular Brain Neoplasia Data), and the Cancer Imaging Archive.

The results of the study will be submitted to a peer-reviewed journal and presented at scientific congresses.



Statistical analysis

We use R software for statistical analysis and graphics (78). Given the small sample size (20 patients, based on a realistic estimate of the recruitment rate) and the use of ordinal scales, we perform non-parametric statistics. For descriptive reporting of continuous/ordinal variables, median and interquartile range (IQR) are used to indicate measures of central tendency and dispersion, respectively; frequencies are reported by indicating the absolute value, followed by the relative value (percentage) in brackets; in case of binary variables (such as gender), only one of the two variables is reported. For the primary analysis (feasibility), we report descriptively whether we met the criteria for recruitment, retention, and adverse events; adherence to treatment (both neuromodulation and behavioral training) is reported as the median (IQR). An exploratory analysis of effectiveness is conducted by performing a repeated-measure comparison (pre- vs. post-prehabilitation). Together with reporting the estimates of treatment effect, we indicate the actual level of significance (two-sided p-value) and 95% confidence interval (79). For quantitative and ordinal variables, we use Wilcoxon signed-rank test. For dichotomous variables, we use McNemar's test. For correlations between quantitative/ordinal variables measured at the same time point, we use Kendall's tau rank correlation coefficient. To explore prediction models, we use simple and multiple linear regression analyses for continuous/ordinal outcomes and simple and multiple logistic regression for binary outcomes. In case of missing data, we perform pairwise deletion. Further explorative analysis may include big data analysis of neuroimaging/neurophysiology data.
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Purpose: Cognitive impairment secondary to traumatic brain injury (TBI) is difficult to treat and usually results in severe disability.

Method: A 48-year-old man presented with chronic refractory headaches and persistent disabling cognitive impairment after TBI. He was first treated with occipital nerve stimulation (ONS) implanted bilaterally to relieve headaches (8 years after the head trauma). Two years later, he was treated with a 6-week protocol combining repetitive transcranial magnetic stimulation (rTMS) delivered to multiple cortical sites (prefrontal cortex, language areas, and areas involved in visuo-spatial functions) and computerized cognitive training (CogT) (targeting memory, language, and visuo-spatial functions) to improve cognitive performance.

Results: Executive and cognitive functions (attention, ability to perform calculations, and verbal fluency) improved in association with pain relief after ONS (33–42% improvement) and then improved even more after the rTMS-CogT protocol with an additional improvement of 36–40% on apathy, depression, and anxiety, leading to a significant reduction in caregiver burden. The functional improvement persisted and even increased at 6 months after the end of the rTMS-CogT procedure (10 years after the onset of TBI and 2 years after ONS implantation).

Conclusion: This is the first observation describing sustained improvement in post-TBI refractory headache, depression, and cognitive impairment by the association of bilaterally implanted ONS and a combined procedure of multisite rTMS and CogT to target various brain functions.

KEYWORDS
traumatic brain injury, refractory headache, occipital nerve stimulation, repetitive transcranial magnetic simulation, cognitive training, combined strategy


Introduction

Cognitive impairment is one of the most common sequelae of traumatic brain injury (TBI) (1). Their number tends to increase with the increase in the number of survivors, linked to better management of severe head injuries in the acute phase (2). Cognitive sequelae are considered more disabling than motor sequelae (3–7). They play an important role in hindering the possibility of reintegration into working life. The most frequent disorders concern memory (8), attention (9), and executive functions (10). Classic treatment consists of cognitive rehabilitation combined with drug treatments used in the cognitive disorders of Alzheimer's disease, such as cholinesterase inhibitors (Donezepil, Rivastigmine) (11). However, these treatments have side effects and only act inconsistently (12).

The efficacy of cognitive rehabilitation depends above all on the patient's participation, which may be disrupted by stress, a depressive state or other symptoms encountered in the context of post-TBI syndrome, such as headaches. These different factors must be taken into account before starting cognitive rehabilitation (11).

Recovery from a cognitive deficit can also be hampered by other factors, such as arousal and attention disorders. These disorders are common when trauma causes shear damage to the white matter responsible for a disconnection between the thalamus and the neocortex (13–15). Thus, interventions that can stimulate the thalamus directly [thalamic stimulation (16)] or indirectly [stimulation of the vagus nerve or peripheral nerves (17)] have been proposed in this context.

Currently, it is considered that the goal of cognitive rehabilitation is to develop neuroplasticity that will make the neural circuits involved in cognition more efficient (18). The outcome could be optimized by combining cognitive rehabilitation with a technique of non-invasive stimulation of the cerebral cortex such as repetitive transcranial magnetic stimulation (rTMS) or transcranial direct current stimulation (tDCS) (19), which are known to promote synaptic plasticity.

We report the case of a patient who suffered a head injury responsible for a post-TBI syndrome with disabling headaches and cognitive disorders. A first treatment with surgically implanted occipital nerve stimulation (ONS) was effective on headaches and clearly led to a cognitive improvement. Subsequently, a treatment combining multisite rTMS with computerized cognitive training (CogT) (20–22) further improved cognitive performance and acted on depression, anxiety, and apathy.



Case report

This is a 48-year-old patient who in 2012 had severe head injury related to a serious quad bike accident. On the initial CT scan, there was a fracture of the temporal and petrous bones on the left side, a diffuse subarachnoid hemorrhage and an edematous parenchymal contusion predominating on the right side, accompanied by a right temporal subdural hematoma (3 mm thick). A follow-up CT scan performed 72 h later showed a small intracerebral hemorrhage localized in the right temporal region, with increased edema in the right temporoparietal region leading to a mass effect with displacement of midline structures and the effacement of some cortical sulci, but without signs of cerebral herniation. The patient initially presented with an intermediate disorder of consciousness (Glasgow score 12) which lasted 5 days. Afterwards, the patient rapidly complained of headaches, followed by memory and attention disturbances and verbal expression difficulties. He also became irritable and had sleep disorders with difficulty falling asleep and frequent waking up. Daily headaches affected the entire head, suggesting a diagnosis of tension headache. The patient was discharged from the intensive care unit after 10 days. Despite several drug trials, the headaches persisted. The same was true for cognitive impairment, despite cognitive rehabilitation with weekly speech therapy sessions. The patient was unable to resume his professional activity as a telephone network administrator at the national level. He was on occupational disability, living at home with a very good family environment.

He was referred to our center at the beginning of 2018 mainly due to permanent headaches that had become increasingly debilitating. A treatment with non-invasive transcutaneous electrical neurostimulation (TENS) applied to the both occipital nerves was initiated in February 2018 and proved to be remarkably effective. In July 2019, the neuropsychological assessment (initial evaluation) reported a total score of 19/30 on the Mini-Mental State Examination (MMSE) (23) (Table 1; Figure 1). Subsequently, the headaches gradually worsened as the patient used TENS less and less, which he considered too restrictive in daily life. At the same time, cognitive problems also increased, suggesting a link between the two symptoms. This led us to decide to implant an ONS device. The preoperative cognitive assessment performed at the end of May 2020 (pre-ONS baseline) confirmed the worsening of cognitive problems with a MMSE total score of 14/30. Cognitive disorders consisted of impaired executive functions, with a total score of 9/18 on the Frontal Assessment Battery (FAB) (24) (Table 1). In addition, psychomotor slowing was observed during visual attention and word reading tests. The patient also had great difficulty concentrating due to headaches.


TABLE 1 Clinical assessment performed initially after 18 months of transcutaneous electrical neurostimulation of the occipital nerves (ON-TENS), before bilateral implantation of occipital nerve stimulation (ONS), 18 months after ONS implantation, at the end of a subsequent 6-week therapy combining multisite repetitive transcranial magnetic stimulation and computerized cognitive training (rTMS-CogT), and finally 6 months after the end of the rTMS-CogT protocol.
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FIGURE 1
 Evolution of clinical scores over time. Evolution of the Hospital Anxiety and Depression scale Depression (HADS-D) and Anxiety (HADS-A) subscores, the Apathy Inventory (AI) and the Zarit scores, at the following timepoints: (i) after 18 months of transcutaneous electrical neurostimulation of the occipital nerves: Initial evaluation; (ii) before bilateral implantation of occipital nerve stimulation (ONS): Pre-ONS baseline; (iii) 18 months after ONS implantation: Post-ONS; (iv) at the end of a subsequent 6-week therapy combining multisite repetitive transcranial magnetic stimulation and computerized cognitive training (rTMS-CogT): Post-rTMS-CogT; (v) 6 months after the end of the rTMS-CogT protocol: 6-month Follow-up.


The surgical implantation of the ONS device (electrodes and pulse generator) was performed in September 2020. The continuous stimulation of the occipital nerves allowed headaches to be relieved very efficaciously. Additionally, cognitive performance gradually improved over a period of time and then stabilized after 1 year. In March 2022 (18 months after ONS implantation), the MMSE total score was 20/30, corresponding to a 43% improvement from pre-ONS implantation baseline, including increased attention and ability to perform calculations as well as in language functions (Table 1). At the same time, the FAB score was 12/18, corresponding to a 33% improvement of executive functions from pre-ONS implantation baseline. This resulted in greater autonomy [Disability Assessment for Dementia (DAD) (27) score: 82.5 vs. 55% at baseline, 33% improvement], but with only a slightly lower load for caregivers [Zarit score (28): 6/7 vs. 7/7 at baseline].

As the improvement produced by ONS did not seem sufficient and no longer progressing, we decided to perform an additional therapeutic approach, based on rTMS applied to multiple cortical sites combined with CogT. Such a combined protocol has been developed under the name NeuroAD® therapy for the treatment of cognitive disorders, mainly apathy in the context of Alzheimer's disease (AD) (20–22). The detailed protocol we applied, similar to that used for patients with AD, has been described elsewhere (22). Briefly, this consisted of a daily session of rTMS-CogT for 5 consecutive days per week for a period of 6 weeks (30 sessions in total). Regarding rTMS, six different cortical regions were targeted, identified by a neuronavigation system (NeuroAD, Neuronix Ltd., Yoqnea'm, Israel) on the patient's brain magnetic resonance imaging (MRI): the right and left dorsolateral prefrontal cortices (DLPFC), the Broca's and Wernicke's language areas, and the right and left posterior parietal areas. On each region, 20 trains of 20 rTMS pulses were delivered at 10 Hz (2-s train duration and 40-s intertrain interval) for a total of 400 pulses over a period of 14 min. The intensity of stimulation was set at 100% of the rest motor threshold. During each intertrain interval of 40 s of rTMS interruption, the patient was asked to perform a cognitive task corresponding to the function of the stimulated cortical area: (i) naming of actions or objects, word recall, or spatial memory tasks for the DLPFC; (ii) syntax or grammar tasks for language areas; (iii) visuospatial attention tasks for parietal areas. Each task had six levels of gradual difficulty and the patients were allowed to progress to the next level of difficulty based on their performance in the previous session. During each daily session, three different cortical regions were treated by combining rTMS and corresponding CogT and the three other regions were treated the following day. Overall, each daily rTMS-CogT session lasted ~1 h.

The rTMS-CogT protocol was initiated in March 2022 and was completed without any adverse event or side effect. An initial assessment was performed just at the end of the 6 weeks of treatment (Table 1; Figure 1), including the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADASCog) (29) score. Unlike the MMSE, a lower ADASCog score reveals a better cognitive level. Following rTMS-CogT, the ADASCog score decreased by almost 7 points (27% improvement from pre-rTMS-CogT assessment), mainly in the naming objects, word finding, and orientation subscores. The orientation subscore of the MMSE also improved (from 6/10 to 9/10), leading to a 3-point increase in total MMSE score, as well as in semantic verbal fluency score. The rTMS-CogT therapy also produced beneficial effects on apathy [Apathy Inventory (AI) (30) score: 7/36 vs. 11/36 before rTMS-CogT, 36% improvement] and on depression and anxiety [Hospital Anxiety and Depression scale (HADS) (31) total score: 18/42 vs. 30/42 before rTMS-CogT, 40% improvement]. Finally, the caregiver burden was reduced (Zarit score: 4.5/7 vs. 6/7 before rTMS-CogT).

A follow-up assessment was performed 6 months after the end of the rTMS-CogT protocol (Table 1). At this time point, apathy, as well as depression and anxiety, further improved compared to the assessment performed just after the rTMS-CogT protocol (AI score: 2/36 vs. 7/36, 71% improvement; HADS total score: 11/42 vs. 18/42, 39% improvement). The caregiver burden was also greatly reduced (Zarit score: 2/7 vs. 4.5/7).



Discussion

In this observation, a significant and lasting improvement in cognition and mood was achieved in a patient with a severe TBI after a sequence of two neuromodulation treatments including (1) bilateral implantation of ONS and (2) multisite rTMS performed in combination with CogT. The latter approach is generally dedicated to the treatment of cognitive disorders associated with AD (20–22). Our study is, to our knowledge, the first to have used this procedure to treat cognitive impairment secondary to head trauma. This therapeutic solution was justified in this patient who presented with memory, language and orientation disorders, such as those encountered in AD (32).

Cognitive disorders secondary to head trauma are related to complex biochemical processes, resulting in particular from damage to the blood-brain barrier in the white matter, later responsible for diffuse axonal damage (13–15). Depending on whether these lesions are located at the superficial cortical, subcortical or deep brain level close to the basal ganglia, quite different clinical sequelae can result. Superficial lesions are more likely to disrupt the functioning of different cortical areas and the connections between them, resulting in a picture of cognitive impairment similar to that observed in AD. Deep lesions are more responsible for disorders of consciousness, alertness and attention that are encountered in more or less severe vegetative states. In the case presented here, brain imaging showed that there was a left temporal impact, marked by the fracture of the temporal bone and its petrous part, and also lesions on the opposite side, marked by an acute subdural hematoma and a right temporoparietal contusion. These findings suggest traumatic lesions secondary to a rotation mechanism in the coronal plane (33) theoretically responsible for axonal lesions of moderate severity but affecting both the subcortical and deep brain regions (34).

However, cognitive impairment following head trauma is not solely determined by white matter lesions. The homeostatic balance between inhibition and excitation is also disrupted in the brain's neural networks following TBI (35). Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter and glutamate the major excitatory neurotransmitter in the central nervous system. There is evidence for the occurrence of an immediate rise in glutamate levels following severe TBI in humans (36). A disruption in GABAergic signaling may lead to a further increase in glutamate excitotoxicity, which can worsen the impact of neuronal damage (37). By being able to modulate the GABA/glutamate balance and producing long-lasting effects on synaptic transmission (38–40), non-invasive brain stimulation techniques, such as rTMS, have a certain interest in this clinical context (41). However, it is difficult to have preconceptions regarding the type of rTMS pattern to apply to modulate the GABA/glutamate balance after TBI, particularly according to the influence of metaplasticity processes (42). Indeed, while rTMS tonically applied at low frequency (≤ 1 Hz) is known to be able to depress long-term synaptic transmission and is therefore potentially neuroprotective, high-frequency rTMS (as applied in our patient), although considered excitatory, has also shown neuroprotective or pro-GABAergic effects in various experimental models (43–45) or clinical conditions (46–48). Furthermore, the situation is more complex than a dual mechanism of increased vs. decreased excitability, because cognitive recovery after TBI depends on various neural repair processes, including restoration and synchronization of neuronal network connectivity for cognitive performance, in which the modulation of tonic and phasic GABA levels plays a complex interaction role.

Our results show that combined rTMS-CogT therapy may be a well-suited approach to promote post-TBI cognitive recovery. However, performing such a protocol requires good attentional and psychomotor capacities to complete the cognitive tasks quickly within the time imposed by the rTMS protocol. Our patient initially presented with great difficulty concentrating, mainly due to disabling headaches, which could have initially prevented him from complying with the rTMS-CogT protocol. This is the reason why it appeared to us that the priority was to treat his headaches first, which led us to propose the treatment by ONS. High analgesic efficacy of this neuromodulation technique has been reported in various types of non-migrainous chronic headaches (49) and was therefore confirmed in our patient. To our knowledge, implanted ONS has never been proposed before to relieve refractory headaches secondary to TBI, but clearly appears to be an interesting therapeutic solution in this context.

The ONS probably made it possible to take a first step in cognitive improvement in our patient, but indirectly, thanks to the reduction of pain. However, a cognitive improvement more directly produced by ONS was also possible, as suggested by a previous study showing the increase in memory performance thanks to the application of tDCS to stimulate the greater occipital nerve (50), possibly via the activation of the locus coeruleus (51). Other authors have suggested that ONS may also improve attention by acting on the thalamus or basal ganglia (52, 53). Thus, our patient improved his attentional and executive functions following ONS therapy, but this proved insufficient to restore quality daily life and the rTMS-CogT protocol seemed to us to be a good approach to further improve the cognitive performance and reduce mood disorders to a clinically satisfactory level.

Various rTMS protocols have already been proposed to treat the clinical symptoms associated with concussion (mild TBI) or more severe TBI and this has been the subject of about 40 publications since 2006, including three recent reviews (54–56) and three meta-analyses (57–59). Symptoms intended to be treated by rTMS, primarily targeted to the left DLPFC at high frequency (or more rarely to the right DLPFC at low frequency), were disorders of consciousness, dizziness, auditory disorders, motor dysfunction, pain, headache, depression, or cognitive impairment, including post-concussion syndrome after mild TBI.

All recent reviews and meta-analyses (54–59) have concluded that there is significant evidence for the efficacy of rTMS of the DLPFC as a therapeutic intervention for depression, headache or pain associated with TBI. In contrast, the effects were more moderate and variable with respect to the improvement of cognitive performance, including executive functions, attentional abilities, and memory, except perhaps for visuospatial memory tasks, whereas the level of evidence was very low for disorders of consciousness.

For example, in a series of 21 patients with refractory post-TBI headache, 4 sessions of 10 Hz rTMS administered to the left DLPFC showed a small but significant improvement in depressive symptoms on the Hamilton Rating Scale for Depression score (3-point reduction, 15% from baseline) after active but not sham rTMS, beyond major analgesic effects on headaches (60). However, other studies have shown less significant effects of rTMS on depression associated with TBI. First, in a series of 30 patients, only small and very variable beneficial effects were observed on depression following a protocol of 20 sessions of 1 Hz rTMS delivered to the right DLPFC (61). Second, in a series of 21 patients, no differences were observed between active and sham protocols of 20 sessions of sequential bilateral rTMS to the right and left DLPFC (62). Furthermore, in these studies, rTMS therapy improved post-concussion subjective symptoms (61) or cognitive performance regarding executive functions and working memory (62).

Thus, given the results of these previous studies, one can question the relevance of delivering rTMS at low (1 Hz) or high (10–20 Hz) frequency of stimulation to the DLPFC target depending on its laterality (right or left) and also the method to determine the optimal location of this DLPFC target (using cranial landmarks or image-guided navigation). On the one hand, in our case, rTMS trains were applied at high frequency on the DLPFC, whatever the hemisphere. On the other hand, one group targeted the DLPFC with individualized resting-state network brain mapping of the functional connectivity between the subgenual anterior cingulate cortex (sgACC) and the default-mode network using functional magnetic resonance imaging (63, 64). After 20 sequential bilateral rTMS sessions on this individualized target (low-frequency stimulation on the right side and high-frequency stimulation on the left side), TBI-associated depression was improved twice by active stimulation than by sham stimulation on the Montgomery-Asberg Depression Rating Scale score.

However, beyond depression, our study mainly showed rTMS-induced improvement on various cognitive symptoms. In the literature, at least six studies have evaluated the effects of rTMS delivered at high frequency over the left DLPFC on cognitive impairment associated with TBI (65–70). First, in 12 patients with mild TBI, 20 sessions of 10 Hz-rTMS delivered to the left DLPFC improved post-concussion symptoms, including cognitive deficits (mainly memory disturbances), for <3 months (65). Second, in 26 patients with cognitive complaints and a history of mild-to-moderate TBI, 5 sessions of 10 Hz-rTMS delivered to the left DLPFC improved executive functions and subjective measures of cognitive dysfunction related to a post-concussion syndrome, up to 2-week follow-up (66). In contrast, no effect of treatment was observed on cognitive test performance assessing selective attention control and verbal learning or fluency. Third, in 18 patients with persistent post-concussion syndrome, 13 sessions of 20 Hz rTMS delivered to the left DLPFC produced significant cognitive improvement up to 2 months after the intervention, but only in patients with recent TBI (<12 months) (67). In contrast, our patient benefited from rTMS therapy 10 years after the initial trauma. Finally, in two studies of patients with TBI, the overall effect of 10 Hz rTMS delivered to the left DLPFC produced either cognitive improvement below clinically meaningful thresholds (69) or no significant changes in executive function evaluated using the Trail Making Test Part B or other neuropsychological tests for attention, learning and visuospatial memory (70).

Concerning low-frequency (1 Hz) rTMS delivered to the right DLPFC, a protocol of 30 sessions twice-daily applied to 15 patients with mild TBI showed significant improvement in different post-concussion symptoms, such as pain, depression and anxiety, as well as in cognitive tasks assessing verbal fluency, working memory, selective attention, and cognitive processing speed (71). In contrast, there were no significant changes in executive functioning, fatigue severity, or apathy.

In all these studies, rTMS was applied in isolation, mainly targeting the left DLPFC and not associated with CogT at the same time. Only one study has previously evaluated the benefit of treating TBI-associated cognitive impairment by combining rTMS and CogT (72). In this retrospective study of 166 patients, half received rTMS and CogT and the other half (control group) various usual methods of treatment (72). The protocol was not well described but was based on 1 Hz-rTMS delivered to the DLPFC (likely to the right hemisphere) once a day, 5 days a week for 3 months, in combination with CogT (but not performed during the rTMS protocol), including various tasks to improve concentration, visuospatial memory, visual perception, judgment and reasoning. Cognitive improvement was significantly better in the rTMS-CogT group than in the control group.

Our case highlights several original elements likely to improve the therapeutic management of patients with TBI.

First, the benefit of using ONS to treat chronic refractory headaches secondary to TBI, even several years after the head trauma, must be emphasized, as this is the first case reported here. Our case broadens the spectrum of indications for this technique. It is important to point out that it is possible to perform this neuromodulation strategy non-invasively, using a TENS technique. ONS-TENS can be a temporary solution, but if this technique is effective but insufficient to control headaches over time, then this efficacy can be predictive of a good outcome provided by implanted ONS (73, 74).

Second, our case shows that the implantation of ONS can be well tolerated in patients who have previously had a head trauma, and that this implanted neuromodulation technique does not prohibit the subsequent performance of rTMS sessions, even on different cortical sites such as the posterior parietal areas.

Third, our case also shows that the treatment of headaches associated with TBI is a therapeutic priority, making it possible to trigger a virtuous circle of management of other post-concussion symptoms. Perhaps also the ONS could have direct beneficial effects on certain central dysfunctions, for example in the cognitive domain.

Fourth, the clinical results obtained in this patient may also suggest that the prior ONS could have set the stage for a significant and lasting improvement in cognitive performance and mood produced by the subsequent rTMS-CogT protocol. Persistent cognitive disorders may be responsible for anxiety and depression (75), possibly by alteration of dopaminergic circuits in the context of TBI, mainly concerning the striatum and the frontal/prefrontal cortex (76–78). It is therefore conceivable that the combination of techniques capable of modulating deep brain structures such as the basal ganglia on the one hand (ONS) and the cortical brain networks on the other hand (rTMS) could have a synergistic interest in reactivating dopaminergic circuits in order to improve various post-concussion symptoms in the context of TBI. This hypothesis could be tested in the future, in particular by functional brain imaging techniques.

Finally, our results support a likely greater efficacy (in terms of magnitude and duration) on improving cognitive performance and mood by means of a combined treatment with multisite rTMS and CogT compared to the rTMS strategy usually applied in isolation in the context of TBI, which is the stimulation of the DLPFC only (usually at high frequency on the left hemisphere). However, it is difficult to distinguish between (i) a potential beneficial effect of multisite stimulation related to the total stimulation dose or the modulation of cerebral connectivity, (ii) the specific effect of CogT, or (iii) the possible synergy between both approaches.

Of course, a single case does not justify unqualified approval of the techniques used. Additionally, given that most clinical measures improved linearly over time, this may suggest that the entire treatment received regularly may have benefited the patient rather than a specific technique (ONS or rTMS-CogT). It is also clear as we have repeatedly pointed out that the remission of the headaches contributed greatly to the overall improvement of the patient. Finally, it is obvious that this case does not eliminate a placebo effect of the different neuromodulation techniques used, and that the simple fact of being included in an innovative therapeutic program could have improved his symptoms, regarding mood for example. It must, however, be emphasized that the beneficial therapeutic effects were obtained very far from the initial traumatic episode and over a prolonged period of several years, which supports the real efficacy of the neuromodulation techniques that were added. In any case, this original observation opens the prospect of a controlled study on a larger sample, evaluating the effects on the various post-concussion symptoms that can be produced by means of an active multisite rTMS protocol compared to a sham condition and associated or not with a CogT protocol.
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Background: Transcranial Direct Current Stimulation (tDCS) of the cerebellum shows promise for the treatment of dystonia. Specific motor rehabilitation programs have also been developed in this context. However, the combination of these two approaches has not yet been evaluated to determine their therapeutic potential.

Methods: We report a series of 5 patients with cervical dystonia (CD) poorly controlled by botulinum toxin injections. They were initially treated by a protocol of repeated daily sessions (for 3 or 5 days) of cerebellar anodal tDCS (cer-atDCS) applied alone. In a second time, additional protocols of cer-atDCS were performed in combination with a program of goal-oriented motor training exercises (Mot-Training), specifically developed for the treatment of CD. The clinical impact of the procedures was assessed on the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS).

Results: Compared to baseline, the maximum percentage of TWSTRS total score improvement was 37% on average after cer-atDCS performed alone (p = 0.147, not significant) and 53% on average after cer-atDCS combined with Mot-Training (p = 0.014, significant). The TWSTRS pain and functional handicap subscores also improved after the combined protocol. A score of (+3) to (+5) was rated on the TWSTRS response scale after cer-atDCS performed alone or the combined protocol, corresponding to a moderate to striking improvement on dystonia and pain. This improvement lasted longer after the combined protocol than after cer-atDCS alone (3.4 vs. 1.4 months on average, p = 0.011).

Conclusion: The combination of cer-atDCS with Mot-Training produced a greater and more prolonged improvement than the application of cer-atDCS alone. Such a combined therapeutic procedure is easy to perform and opens important perspectives in the long-term treatment of CD. These results remain to be confirmed by a randomized sham-controlled trial on a larger sample.
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Introduction

Like other forms of dystonia, cervical dystonia (CD) is marked by an involuntary and inappropriate contraction of certain muscle groups that causes abnormal movements and postures. The main therapeutic strategies are based on the injection of botulinum toxin (BTX), which aims to weaken overactive contracted muscles (agonists) and on physiotherapy, which aims to reinforce the activity of the corrective muscles (antagonists) to improve tonic balance (1). The principle, technique, and results of BTX injections are well known and this treatment is effective in approximately 70% of cases, but the injections must be repeated every 3 months (2). Regarding physiotherapy, a motor training program (Mot-Training) has been developed by Bleton (3) and taken up by other authors (4, 5), which aims to gradually strengthen the activity of the corrective muscles and is well suited for long-term clinical application. The notions of duration, repetition and progressiveness are currently well highlighted in rehabilitation programs for the treatment of dystonia aimed at acting on neuronal neuroplasticity in the medium and long term (6, 7).

Although the cause of dystonia remains unknown, the main pathophysiological mechanism involved lies in a dysfunction within the neural networks connecting the cerebellum, the basal ganglia and the sensorimotor cortex (8). Also, it seems relevant to apply neuromodulation techniques to modulate these networks and correct this dysfunction. In clinical practice, neuromodulation therapy of dystonia is essentially performed invasively, using surgically implanted electrodes and stimulators. Thus, deep brain stimulation (DBS) techniques were developed, mainly targeted at the level of the pallidum and/or the thalamus for the treatment of dystonia. DBS is effective and fully justified in severe forms of generalized dystonia (9). It also seems effective in the context of focal dystonia, including CD (10), but the benefit/risk ratio here is more debatable. On the other hand, there are also non-invasive neuromodulation techniques, mainly repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS). In their therapeutic application for focal dystonia, these techniques (rTMS or tDCS) have mainly targeted the motor or premotor cortex and the cerebellum [see review in Lefaucheur et al. (11)] and have shown some efficacy in the treatment of CD. In particular, a beneficial effect of cerebellar anodal tDCS (cer-atDCS) was reported in two patients with CD (12, 13). Despite positive short-term results, the therapeutic effect was reported to be only transient, requiring repeated stimulation sessions to be maintained (13). By analogy with what has been shown for motor rehabilitation of stroke patients (14), we proposed a combined approach, associating tDCS and physical therapy for the treatment of dystonia. Thus, we aimed at improving and prolonging the therapeutic effect of tDCS by combining repeated sessions of cer-atDCS with a program of physiotherapy (Mot-Training) specifically developed for the management of dystonic patients (3, 15). We report five cases of patients with CD initially treated with cer-atDCS alone then with the combination of cer-atDCS and Mot-Training. The objective of this case series was to show the additional value of combining physiotherapy with non-invasive cortical stimulation for the treatment of CD.



Methods


Patients and study plan

All five patients included in this study had reduced efficacy of BTX injections for the treatment of primary idiopathic CD. Study plan includes two phases. The first phase was based on the administration of cer-atDCS protocol alone (three or five daily sessions of 20-min duration within a week). The second phase was based on the administration of cer-atDCS protocol (also three or five daily sessions within a week) combined with Mot-Training. The Mot-Training protocol lasted 20 min, was tailored to the clinical characteristics of each patient (see below) and was performed during the cer-atDCS session (see Supplementary Video S1).

The switch between the first and the second phase was linked to the availability of the physiotherapist when recruited in our center. Thus, patients received the cer-atDCS protocol alone for a variable duration before being able to start with the combined protocol. The duration of follow-up after a stimulation protocol was related to patients’ availability to return to our center and the duration of post-session improvement.



Clinical assessment

Patients were assessed at the end of each week of stimulation protocol (cer-atDCS alone or combined with Mot-Training) on the French version (16) of the Toronto Western spasmodic torticollis rating scale (TWSTRS) (17). This scale includes three subscores: a severity score (max: 35), a functional handicap score (max: 30) and a pain score (max: 20) for a total score up to 85, with a more elevated score corresponding to a more severe CD. In addition, this scale includes a response scale, ranging from (−1) to (+5). On this scale, a score of (−1) corresponds to a worsening after treatment; a score of (0) corresponds to the absence of worsening or improvement; a score of (+1) corresponds to a minimal or questionable reduction in dystonia and pain without functional improvement; a score of (+2) corresponds to a mild response with some reduction in dystonia and pain and little functional improvement; a score of (+3) corresponds to a moderate response with a noticeable reduction in dystonia and pain and significant functional improvement; a score of (+4) corresponds to a clear response with obvious reduction in dystonia and pain and excellent functional improvement; a score of (+5) corresponds to a striking improvement with little or no dystonia or pain remaining. Additionally, investigators asked patients about the duration of clinical response they subjectively experienced after completion of each protocol.

Statistical analyses were performed with a paired t test after confirming that the data were sampled from a Gaussian distribution and passed the normality test using the method of Kolmogorov and Smirnov. Paired comparisons were made for the various TWSTRS scores between data obtained in the two phases of the study (after cer-atDCS alone or combined with Mot-Training) compared to baseline (before any cer-atDCS protocol). Two sets of data were used, either the values observed after the last treatment session or the lowest value observed during the two phases of the study.



Cerebellar tDCS

Initially, patients were treated with cer-atDCS alone. We used the HDC kit stimulator (Inomed, Emmendingen, Germany) which allows stimulation by two anodes and one cathode (large square electrodes). The anodes (5 × 5 cm) were placed on each of the two cerebellar hemispheres (1–2 cm below and 3–4 cm lateral to the inion). The cathode (8.5 × 6 cm) was placed on the right supraorbital region. Each cer-atDCS session lasted 20 min with a stimulation intensity of 2 mA. Repeating one session daily for three to five consecutive days over the course of a week has been shown to produce lasting clinical benefit in dystonic patients, especially on CD in our experience.



Motor training program

As each clinical presentation of CD is unique, there is no standardized physiotherapy rehabilitation program suitable for all patients. Optimal motor training exercises should be selected based on assessment of three-dimensional disorganization of head posture in each patient (18): transverse (torticollis), coronal (laterocollis), or sagittal (retrocollis or antecollis). Disorganization of head posture may be present simultaneously in multiple planes in a patient with CD. For example, a rotational torticollis may be combined with a laterocollis and a retrocollis. They can also be associated with head displacement in the sagittal plane (anterior or posterior shift) or the coronal plane (lateral shift). Postural disorders and disorganization of cervicocephalic movements are linked to the involvement of overactive (dystonic agonists) and underactive (inhibited antagonists) muscles.

Physiotherapy should focus on activating functionally impaired corrective antagonistic muscles (19). Different levels of difficulty of Mot-Training can be proposed according to the severity of their inhibition. First, the head can be turned to the anti-dystonic side in association with facilitation techniques, such as raising the arms or lying on the back, or the head can be rapidly and repeatedly turned as if to say “No.” Second, the head can be voluntarily brought to the anti-dystonic side without using facilitation techniques. Third, the head can be controlled and maintained turned to the anti-dystonic side. Fourth, the movement of the head can be controlled through a full range of motion (from the pro- to the anti-dystonic side) and replaced in a stable position on the midline with the eyes open or closed (proprioceptive control) (20, 21). In this case, exercises should be performed slowly so that they can be controlled from the moment they are initiated to the moment the head returns to the resting position. This prevents the phenomenon of overflow and parasitic co-contractions (22). It usually takes 5–10 s to complete an exercise through its full range of motion. Exercises are interspersed with a rest period equivalent to the duration of the exercise. It has been shown that it was necessary to repeat the exercise for about 20 min to obtain a significant clinical impact (3, 15). Thus, motor training is able to promote neuroplasticity and therefore provide lasting effects over time (23).

An example of Mot-Training program is detailed for patient 1 This woman developed a blepharospasm at the age of 56 and a CD consisting of an antecollis with a left laterocollis a few months later. In this patient, two main deformities were present (Supplementary Video S1, segment 1): (i) left rotational torticollis with active rotation to the anti-dystonic side possible but difficult to control, coupled with compensatory involvement of the shoulder girdle; (ii) an anterior shift of the head in (also called “turtleneck”). Also, according to the control modalities described previously, three tailored Mot-Training exercises were proposed, performed in a seated position, and repeated for 20 min (Supplementary Video S1, segment 2):

• Exercise 1: correction of the anterior dystonic shift by the so-called “double chin” exercise. This exercise consists in moving the head back and placing the chin on the neck (flexion of the lower cervical spine) while keeping the gaze horizontal and straightening up. This exercise reduces cervical hyperlordosis related to dystonic muscle activity (24) by a double movement of extension of the lower cervical spine and flexion of the upper cervical spine. This corrective posture involves the active participation of the deficient extensor muscles of the lower cervical spine (such as levator scapulae, semispinalis and longissimus cervicis muscles) and of the upper cervical spine (such as longus colli et captitis muscles), not in force but in endurance.

• Exercise 2: corresponding to the exercise 1 coupled with a corrective cervical rotation toward the anti-dystonic side (to the right in our patient). This exercise consists of performing a slow and complete cervicocephalic rotation while maintaining the “double chin” posture. This corrective movement involves the active participation of deficient cervical spine rotator muscles (such as obliquus capitis inferior, splenius and sternocleidomastoid muscles).

• Exercise 3: active corrective rotation toward the anti-dystonic side without compensatory movement of the trunk and the shoulder girdle. This exercise consisted in placing the hands behind the head, fingers crossed and elbows apart, before turning the face to the anti-dystonic side and holding this position for 5 to 6 s, before finally replacing the head to a neutral position. This endurance exercise had to be practiced without force to avoid a dystonic reaction.




Results

All five patients included had primary idiopathic CD, but an additional contribution of neuroleptic-induced dystonia was suspected in patient 4. Main clinical features are presented in Table 1. The patients were four women and one man (patient 3), aged from 40 to 79 years. The duration of CD symptoms ranged from four to 23 years. One patient (patient 3) had refused BTX injection treatment for personal reasons. In the other patients, BTX injections were spaced by 2 months (patient 5), 3 months (patients 2 and 4), or 4 months (patient 1). Overall, BTX injections had lost their efficacy on dystonia (patients 1 and 4) or on pain associated with dystonia (patients 2 and 5) for several months.



TABLE 1 Patients’ demographical data and performed protocol.
[image: Table1]

In the first phase of the study, the cer-atDCS protocol consisted of one daily session on three consecutive days for patients 2 to 5 and on five consecutive days within a week for patient 1. The number of cer-atDCS protocols was only one for two patients, and two to five (spaced 1 to 3 months apart) for the remaining three patients. Clinical assessment, based on the TWSTRS, is presented in Table 2 and was performed at the end of each week of cer-atDCS protocols, except for patient 2 after the second protocol. The TWSTRS total score ranged from 30 to 58 (mean ± standard deviation: 45.3 ± 10.1) at baseline, from 29 to 46 (34.6 ± 6.7) after the last cer-atDCS protocol (p = 0.158, paired t test, not significant), and from 15 to 46 (28.6 ± 13.2) after the most efficacious cer-atDCS protocol for each patient (p = 0.147, not significant). Thus, the maximum percentage of TWSTRS total score improvement after cer-atDCS performed alone was 37% on average. For example, the improvement on the TWSTRS total score was marked by a 38% decrease in patient 1 (Supplementary Video S1, segment 3). Only the TWSTRS pain subscore significantly improved after the last or the most efficacious cer-atDCS protocol (p < 0.01), but not the other TWSTRS subscores. Overall, a score of (+3) to (+5) was rated on the TWSTRS response scale after cer-atDCS protocols, corresponding to a moderate to striking improvement on dystonia and pain. The duration of subjective improvement after completion of a cer-atDCS protocol ranged from 1 to 3 months (1.4 ± 0.9).



TABLE 2 Clinical results assessed on the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS).
[image: Table2]

In the second phase of the study, the cer-atDCS protocol was combined with Mot-Training and was performed on three consecutive days in patients 2 and 4 and on five consecutive days within a week in patients 1, 3 and 5. The number of combined protocols was only one for patient 1, and four to 12 (spaced 2 to 4 months apart) for the remaining three patients. The TWSTRS, was scored at the end of each week of combined protocols, except for patients 2 and 5 after the fourth protocol and for patients 4 after the eighth protocol (Table 2). The TWSTRS total score ranged from 12 to 38 (24.2 ± 11.0) after the last combined protocol (p = 0.033, significantly reduced compared to baseline), and from 12 to 30 (21.4 ± 8.3) after the most efficacious combined protocol for each patient (p = 0.014, also significant). Thus, the maximum percentage of TWSTRS total score improvement after cer-atDCS combined with Mot-Training was 53% on average. As after the cer-atDCS protocol performed alone, the TWSTRS pain subscore significantly improved after the last or the most efficacious combined protocol (p < 0.01), but also the TWSTRS functional handicap subscore (p < 0.05). Again, a score of (+3) to (+5) was rated on the TWSTRS response scale after combined protocols, corresponding to a moderate to striking improvement on dystonia and pain. The duration of subjective improvement after completion of a combined protocol ranged from 2 to 6 months (3.4 ± 1.7), which was significantly longer than after cer-atDCS performed alone (p = 0.011).

Except for patient 3, all patients continued BTX injections, which were performed on the week before the cer-atDCS sessions in all cases. It is not possible to assess whether BTX injections played a synergistic role with cer-atDCS therapy (combined or not with Mot-Training) in the clinical improvement, which was observed even though the schedule and doses of BTX were kept similar to the pre-stimulation period, except in patient 5, for whom, because of the clear clinical improvement, the BTX injections were spaced from 2 to 3.5 months apart.



Discussion

In this open-label pilot case series of patients with CD, the combination of Mot-Training with cer-atDCS produced a greater and more prolonged improvement in dystonia, compared to the application of cer-atDCS alone.

The mechanism of action of tDCS is not fully known (25). The delivered constant current modulates the excitability of neurons by modifying the axonal membrane potential (depolarization or hyperpolarization) but these currents are too weak to generate action potentials and therefore directly activate a neuronal circuit (26, 27), unlike what happens with rTMS. However, while the current generated by rTMS with a figure-of-8 coil remains relatively focal into the brain, the current generated by a bipolar tDCS montage has a very broad distribution, and potentially the effect of polarization of many neurons (even of glial cells) can produce an amplifying effect. Thus, tDCS can indisputably produce clinical effects in the short term lasting beyond the stimulation session, and also in a longer term, with sustainable changes in synaptic transmission and neuroplasticity effects that can result from repeated sessions.

In this pilot case series, CD was improved by 37% on average on the TWSTRS score after cer-atDCS performed alone, with a duration of subjective improvement ranging from 1 to 3 months. These results support the lasting effect of tDCS and the value of cerebellar targeting for neuromodulation of sensorimotor disorders (28). However, when cer-atDCS was combined with Mot-Training, clinical improvement reached 53% on average on the TWSTRS score, with a significantly longer duration of efficacy of 2 to 6 months. According to the concept of metaplasticity (29, 30), the additional effect of the combined strategy suggests a priming effect of tDCS that would modify the level of synaptic activity of certain neuronal circuits, placing the brain in a favorable state to boost long-term synaptic plasticity processes produced by Mot-Training.

In fact, the place of physiotherapy in the treatment of CD is not well defined, usually considered as an adjuvant therapy in addition to BTX injections (31–33). The physiotherapy program used here (Mot-Training) is a personalized rehabilitation program focused on the activation of anti-dystonic cervical muscles to alleviate their inhibition and integrate them into the correction of cervical posture and movements. As for neuromodulation, the repetition of Mot-Training sessions at short intervals can promote adaptative synaptic plasticity, especially if the sessions are maintained over a long period of time (6, 7, 23). In CD, instrumental techniques based on peripheral nerve stimulation or biofeedback (33–36) require a technical environment that is hardly compatible with long-term application. The same is true with rehabilitation techniques that involve too much physical intensity. The Mot-Training protocol (3) used here responds well to these feasibility criteria in terms of frequency and duration over time and therefore of clinical relevance for treating CD. It is also for this reason that it appeared to us to be ideal for combining with tDCS with a view to potentiating the clinical effects of these two therapies.


Limitations

First, the main limitation of this report lies in the small sample size, which limits the representativeness of the results.

Second, our patients received an open-label treatment, which of course cannot rule out a placebo effect.

Third, the combined protocol had greater efficacy than tDCS alone, but in the absence of a control condition consisting of Mot-Training alone, it is not possible to know whether cer-atDCS has an additive or synergistic effect compared to that of Mot-Training.

Fourth, the methodology presents significant heterogeneity in terms of protocol applied in each patient. For example, the number of cer-atDCS sessions was not the same among the 5 participants, from one to five cer-atDCS sessions in the first phase and from one to 12 cer-atDCS sessions combined with Mot-Training in the second phase. The protocol should have been more standardized and not solely dependent on patients’ availability to return to the center, but this is a naturalistic proof-of-concept pilot study.

Fifth, heterogeneity also applies to the clinical profile, such as a variable age, between 40 and 79 years. There is also clinical variability regarding the dystonic pattern and disease severity exhibited by patients. Additionally, the series included a patient with suspected neuroleptic-induced dystonia, introducing a potential confounding factor.

Sixth, four out of five patients continued BTX injections during the experimental procedure, with varying injection intervals and without standardized time between procedures. This factor could have a significant impact on the results obtained, as discussed for the two previously reported cases of patients with CD who benefited from cer-atDCS (11). It is possible that the combined strategy could have restored a certain efficacy to the BTX injections and therefore that this also contributed to the clinical improvement through an additive or synergistic effect. Thus, a potentiating effect of neuromodulation techniques (rTMS or tDCS) with BTX injections could be expected for the treatment of CD or blepharospasm for example (12, 13, 37).




Conclusion and perspectives

Although placebo effects cannot be excluded, this open-label case series suggests that the combination of cer-atDCS with Mot-Training would have a greater potential for clinical efficacy in terms of intensity and duration than either technique taken in isolation. In the context of CD, only one previous study (38) had shown a therapeutic benefit on the severity of dystonia symptoms of a non-invasive brain stimulation technique applied to the cerebellum (an rTMS protocol called intermittent theta-burst stimulation) combined with motor training for the neck and an implicit learning task. In our series, patients reported sustained clinical improvement for several weeks after repeated sessions of cer-atDCS at short intervals, suggesting potential value of this approach for the treatment of CD in daily practice. Furthermore, from the perspective of a clinical application, another favorable element is the fact that the practice of tDCS can be performed at home. As the rehabilitation protocol is also self-applicable by the patient, the combined therapeutic strategy could be entirely performed at home, after initial training of the patient in a hospital environment. This is an extremely important perspective both in terms of the clinical impact of this type of treatment and in terms of healthcare costs.

In conclusion, the results observed in this pilot case series justify considering a larger study comparing the results provided for the treatment of CD in the long term (6 to 12 months) by the application of cer-atDCS alone, Mot-Training alone, and cer-atDCS combined with Mot-Training, including a sham procedure for the stimulation part.
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SUPPLEMENTARY VIDEO S1 | Clinical examination of patient 1. Segment 1: identification of the "corrective muscles" (antagonists) of the dystonic attitude including an antecollis associated with a laterocollis to the left and shoulder drop. Segment 2: the three motor training exercises: (1) pull the head slightly back and reduce hyperlordosis (double-chin exercise); (2) same exercise combined with rotation of the head and neck to the anti-dystonic side; (3) elevation of the shoulders and rotation the head and neck to the anti-dystonic side. Segment 3: significant improvement after five consecutive days of treatment combining cerebellar anodal tDCS and motor training exercises.
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Initial evaluation Pre-ONS month follow-up Immediate 6-month follow- up

after 18 months of baseline post-ONS evaluation after after rTMS-CogT
ON-TENS (July (May 2020) (pre-rTMS-CogT fTMS-CodT protocol  protocol (November
2019) baseline) (March 2022) (May 2022) 2022)

Mini-mental state examination (MMSE) score/30 19 14 20 23 23

1. Orientation score/10 5 5 6 9 9

2. Registration score/3 3 3 3 3 3

3. Attention and calculation score/5 5 1 4 4 4

4. Recall score/3 0 0 0 0 0

5. Language score/8 5 4 6 6 6

6. Copying score/1 1 1 1 1 1
Frontal assessment battery (FAB) score/18 1 9 12 12 11
Phonemic fluency score/15* 11 11 13 14 11
Semantic fluency score/22* 5 4 4 7 8
Hospital anxiety and depression scale (HADS) anxiety subscore/21 = 11 15 9 5
Hospital anxiety and depression scale (HADS) depression subscore/21 - 17 15 9 6
Apathy inventory (AI) score/36 8 15 11 7 2
Disability assessment for dementia (DAD) score/100% 55 55 825 70 86.5
Zarit score/7 6 7 6 4.5 2
Alzheimer’s disease assessment scale-cognitive subscale (ADASCog) score/70 2475 18.05 18

1. Spoken language ability score/5 1 0 0

2. Comprehension score/5 1 0 0

3. Word finding difficulty score/5 3 1 1

4. Word recall task score/10 8 8.3 9

5. Naming objects and fingers score/5 2 0 1

6. Orientation score/8 5 2 1

7. Commands score/5 2 3 2

8. Ideational praxis score/5 0 1 0

9. Constructional praxis score/5 0 0 0

10. Word recognition task score/12 275 2.75 4

11. Remembering test instructions score/5 0 0 0

*Mean number of correct words recorded during 1 min in a healthy population (25, 26).





OPS/images/fneur-15-1381390/crossmark.jpg
©

2

i

|





OPS/images/fneur-14-1243857/fneur-14-1243857-g002.gif





OPS/images/fneur-14-1243857/fneur-14-1243857-t001.jpg
Data category

Primary registry and trial
identifying number

Information

Clinical Trials.gov (NCT05844605)

Date of registration in primary | 04/05/2023
registry
Secondary identifying numbers | Protocol ID 2020330

Source(s) of monetary or
material support

Fundacién Joan Ribas Araquistain (reference
project 2020.330)

Fundacid La Marato De TV3 (reference
project 201735.10)

Fundaciod Bancaria La Caixa (reference
project LCE/PR/PR16/11110004)

Primary sponsor

Institut Guttmann, Institut Universitari de
Neurorehabilitaci6 adscrit a la UAB,
Badalona, Spain

Contact for public or scientific
queries

Title

Name: José Marfa Tormos Muiioz

Email address: jmtormos@guttmann.com
Telephone: 934 977 700

Postal address: Cami de Can Ruti, s/n 08916
Badalona, Spain

Neuromodulation-Induced Prehabilitation to
leverage neuroplasticity before surgery for
brain tumors: protocol for a single-cohort
feasibility trial.

Countries of recruitment

Spain

Health condition(s) or
problem(s) studied

Primary brain tumor

Intervention(s)

Neuromodulation, behavioral training,
neurosurgery

Key inclusion and exclusion
criteria

Inclusion: diagnosis of primary brain tumor
requiring neurosurgery
Exclusion: contraindications to TMS or MRI

Study type

Single-arm pilot feasibility trial

Date of first enrollment

21 June 2021

Target sample size 20

Recruitment status Recruiting

Primary outcome(s) Feasibility

Key secondary outcomes Changes pre-/post-intervention on clinical,

neurophysiology, and neuroimaging
outcomes






OPS/images/fneur-14-1167029/fneur-14-1167029-t001.jpg
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M SD M SD

Age (years) 48.56 849 40.50 7.62 206 0.06

HDRS 1L11(9) 392 1L12(8) 506 ~0.006 099

LARSS 7044 (9) 14.76 6171(7) 1382 122 025

PSWQ 67.25(8) 667 65.83(6) 574 043 0.68
95% CI »

Female (%) 78 100 [0.001, 591 047

Psychotherapy (%) [0.07,7.55] 1

Yes 55.56 (5) 62.50 (5)

No psychotherapy 4444 (4) 37.50(3)

Diagnosis (%) 033

MDD 3333(3) 37.50 (3)

GAD L1 37.50(3)

Both 55.56 (5) 25.00 (2)

Medication (%) 037

Antianxiety 0 1250 (1)

Antidepressant 222() 50.00 (4)

Both 4444 (4) 12.50 (1)

No medication 2220) 2500 2)

Cl, confidence interval; HDRS, the Hamilton Depression Rating Scale; LARSS, the Leuven Adaptation of the Rumination on Sadness Scale; PSWQ, the Penn State Worry Questionnaire, The
number next to the mean of the three questionnaires is the sample size of each group after deleting the missing data.





OPS/images/fneur-14-1189034/crossmark.jpg
(®) Check for updates





OPS/images/back-cover.jpg
Frontiers in
Neurology

Explores neurological llness to improve patient
care

The third most-cited clinical neurology journal
explores the diagnosis, causes, treatment, and
public health aspects of neurological linesses. ts.
ultimate aim is to inform improvements in patient
care

Discover the latest
Research Topics

Neurology

Frontiers

Avenue do Trbunal-Fédéral 34
1005 Lausane, Switzerland.
frontiersinorg

Contactus

+41(0)21 5101700
frontersin ora/about/contact






OPS/images/fneur-14-1189034/fneur-14-1189034-g001.gif
[T ——

g 01359 Attt

e (), Cochme U () | | kst vough
e 320, o3 0532 e
et Soec 0279, O[3 o

WANTANG (21, 02, TS

[ —
ey

rcepieny
ineson

[T —
“winscsos a1

[T — v
araet | s
ey oo
Temsanin)
o tond
iy
oot
o,
rimeca

oo






OPS/images/fneur-14-1167029/crossmark.jpg
(®) Check for updates






OPS/images/fneur-14-1167029/fneur-14-1167029-g001.jpg
tDCs
(active or sham)

NN

Internal
cognitive
attention task
(20 min)

CBT session
“Drop It”

(90 min)

BSRI (A) BSRI (8)





OPS/images/fneur-14-1167029/fneur-14-1167029-g002.jpg
A rumination score

300

o

&
g
8

-600

| | \

Session 2 Session 3 Session 4 Session 5 Session 6 Session 7 Session 8

tDCS condition

@ Active
@ Sham





OPS/images/fneur-14-1167029/fneur-14-1167029-g003.jpg
100~

21098 UORRUIN 7 U3 |y

-100-

Sham

Adive





OPS/images/fneur-14-1069434/fneur-14-1069434-g003.gif
 Ihroughout saries by study grove

M

o

w6 0 o o

stendaionnainfnicn
i Suletion and infitrstion

o o

©





OPS/images/fneur-14-1069434/fneur-14-1069434-g004.gif
Uistribution of responder in stimufation and non-
stimulation group

o s
o repande % o respander %





OPS/images/fneur-14-1069434/fneur-14-1069434-t001.jpg
Variable 3 patients

Female gender n (%)

7 (53.8%)

Age in years mean (D)
median (25-75% quartile)

61.08 (£13.77)
58 (IQR 50.0-75)

Duration onset of pain until first
infiltration (months) (N= 12),
median (quartiles)

5(0.31-19.75)

Medication at the beginning of infiltration series n in %

WHO I: 11 (%) 8 (61.5%)
WHO IL: 1 (%) 3(23.1%)
‘WHO IIL: 1 (%) 2(15.4%)
Co-analgesic drugs

Antidepressants 7 (%) 8 (61.5%)
Antiepileptics n (%) 12 (92.3%)
Depressions 7 (%) 2(15.4%)

Neuropathic pain classified following ICHD 3, given in n (%)

Trigeminal neuralgia, 13.1

10 (76.9%)

Persistent idiopathic facial pain
(PIFP), 13.11

3(23.1%)
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Dawsonetal. | England2 ic >6 months a1 VNS Upper limb 30Hz, 0.1 ms, 0.8 mA, 0.55/10 s 120 min 1,30,90 FMA-UE, ARAT, grip AE, SAE
(26) centers training per day, 3 times per week, 6 w strength, NHPT, Box and
Block test
Capone et al. Italy IC/ICH >1year 715 taVNS/ Upper limb 20 Hz, 0.3 ms, patients’ tolerance (1.1 £ 1 FMA-UE sBP, dBP, HR
24) sham robot training 9.0mA), 30 s/5 min, 60 min per day, 10
days
Kimberley America IC 4 months to 3 8/9 iVNS/ Upper limb 30Hz, 0.1 ms, 0.8 mA, 0.55/10's, 1, 30,90 FMA-UE, WMFT, AE, SAE
etal. (39) years sham training 120 min per day, 3 times per week, 6 w Nine-hole test, MAL, SIS
Zhenguo (38) China NA >2 months 40/40 VNS Comprehensive | 3 months, NA 1 FMA, MBI, NIHSS
therapy
Wuetal. (40) China 1C subacute 10/11 taVNS/ Comprehensive | 20 Hz, 0.3 ms, patients’ tolerance (1.66 & 1, 30,90 EMA-UE, WMFT, FIM, HR, sBP, dBP,
sham rehabilitation 0.40 mA), 30 s/2 min 30 min per day, 10 Brunstrom AE
training consecutive days
Wei etal. (30) China (o} 2 weeksto 3 13/13 taVNS/sham Upper limb 25Hz, 0.1 ms, patients’ tolerance, 60 min 1,30 FMA-UE, Brunstrom, HR, AE
months training per day, 5 times per week, 4 w MFAS, MAS, BI
Liping (37) China IC >24 hours <3 21/21 taVNS/ Medical 20Hz, 0.5mA, 30 s/2 min 30 min per 1 EMA-UE, WMFT, FIM AE
months sham treatment and time, 5 times per week, 3 w.
comprehensive
rehabilitation
training
Chang et al. America NA >6 months 14/15 taVNS/ Upper limb 30 Hz, 0.3 ms, patients’ tolerance 1 EMA-UE, MRC, WMFT AE
(44) sham robot training | (0.1-0.5mA), 0.55/10s, 60 min per
time, 3 times per week, 3 w.
Dawson et al. America, 19 IC >9 months 53/55 iVNS/ Upper limb 30Hz, 0.1 ms, 0.8 mA, 0.55/10s, 1,90 EMA-UE, WMFT, MAL, AE, SAE
(43) centers sham training 120 min per day, 3 times per week, 6w SIS, $S-QOL, EQ-D, BDI
Lietal. (6) China IC/ICH <1 month 28/28 taVNS/ Comprehensive | 20hz, 0.3 ms, patients’ tolerance (1.71 & 1 WMEFT, EMA-UE, HR, sBP, dBP,
sham rehabilitation 0.5mA), 30 /5 min, 20 min per time, 5 FMA-L, FMA-S, HADS, AE
times per week, 4 w SIS

E, experiment group; C, control group; NA, no answer; IC, ischemic cerebral infraction; ICH, hemorthage cerebral infraction; VNS, transcutaneous vagus nerve stimulation; taVN$, transcutancous auricular vagus nerve stimulation; teVNS, transcutancous cervical
VNS; iVNS, invasive vagus nerve stimulation; FMA-UE, Fugl-Meyer Assessment for Upper Extremity; EMA-L, Fugl-Meyer Assessment for lower limb function; EMA-S, Fugl-Meyer Assessment for sensorys SIS, Stroke Impact Scale; ARAT, Action Rescarch Arm Test;
WMET, Wolf Motor Function Test; MAL, Motor Activity Log; FIM, Functional Independence Measurement; EQ-D, EuroQul Five Dimensions Questionnaire; BDI, Beck Depression Inventory; HADS, Hospital Anxiety, and Depression Scale; $8-QOL, Stroke-Specific
Quality of Life; BDI, Beck Depression Inventory; AE, adverse events; SAE, serious AEs; HR, heart rate; sBP, systolic blood pressure; dBP, diastolic blood pressure.
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ful indications

Phantom limb (12-14)
Neuropathic pain due to traumatic
brachial plexus injury (15)

Spinal cord injury (16-22)
Complex regional pain syndrome
(24,25)

Fibromyalgia (26-33)

Chronic musculoskeletal pain (35)
Chronic low-back pain (36-40)
Knee osteoarthritis pain (41-45)
Temporomandibular disorders (46)
Chronic visceral pain (48)
Neurogenic pain (49)

Myofascial pain (50, 51)
Tendinopathy (52)

Radiculopathy (53)

Burning mouth syndrome (47)
Headache/migraine (34)

Neuromodulat
approaches

Mirror therapy (12-15)

Visual illusion (16-18, 22)
Motor graded imagery (24)
Exercise (20, 26, 27, 33, 36,41, 46,
47,51, 52, 54)

Physical therapy (25, 28, 34, 35,
37-39, 43, 45, 48-50, 53, 55, 56)
Cognitive and behavioral
interventions

(21, 29, 30, 32, 40, 42, 47, 57)
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Study Authors Pain indication  Time since Study arms (N) Number of Baseline Pain intensity 1 Change in pain Effect size

ohset treatment pain month following (Cohen'’s d)
sessions intensity following end of  treatment
(mean +SD)  treatment (mean =+ SD)
((GEERIESD)]
1 Segaletal. (12) | Phantom pain after <8 weeks Mirror therapy (10) 10 680+ 123 490 £ 1.37 —19%130
unilateral lower limb
amputation
Sham tDCS and Mirror 10 7.40 £ 1.65 444 £ 188 296+ 177 158
therapy (10)
Real tDCS and mirror 10 6.80+2.94 0.60 £ 1.35 —62£229
therapy (9)
2 Gunduz et al. Phantom pain after >3 months Sham tDCS and sham mirror | 10 sham tDCS plus 20 590 1.57 331£257 —~259£2.13
(13) unilateral lower limb therapy (27) sham mirror therapy
amputation sessions; first 10
sessions were combined
Real tDCS and sham mirror |10 real tDCS plus 20 629+ 1.67 293 £2.65 —-336£221
therapy (28) sham mirror therapy

sessions; first 10
sessions were combined

Sham tDCS and mirror 10 sham tDCS plus 20 603+ 1.75 4254255 —1.78£2.19 0.47
therapy (28) real mirror therapy
sessions; first 10
sessions were combined

Real tDCS and mirror 10 real tDCS plus 20 612+ 1.88 327 £2.80 —2.85+£238
therapy (29) real mirror therapy
sessions; first 10
sessions were combined

3 Ferreira et al. Neuropathic pain >3 months Sham tDCS and mirror 12 No available data No available data No available data
(15 following traumatic therapy (8)
brachial plexus injury
Real tDCS and mirror 12 No available data No available data No available data
therapy (8)
4 Soler etal. (17) Neuropathic pain >6 months Sham tDCS and control 10 71£15 64+19 —0.7£1.71
following spinal cord illusion (10)
injury
Real tDCS and control 10 6320 6125 —02£226
illusion (10)
Sham tDCS and visual 10 7216 7215 0+ 1.55 1.54
illusion (9)
Real tDCS and visual illusion 10 75+12 53+14 —22+ 130
(10)
5 Soler etal. (16)* | Neuropathic pain >6 months Control (no intervention) No treatment 31%+ 14 31%+ 14 0%+ 14
following spinal cord (65)
injury
Real tDCS and visual illusion 10 34% £ 16 25% £ 16 —9% =+ 16
(65)
6 Kumru etal. Healthy subjects (14) Real tDCS and visual illusion 10 No available data No available data No available data
18y (14)
No neuropathic pain Real tDCS and visual illusion 10 No available data No available data No available data
following spinal cord 0)
injury (20)
Neuropathic pain >3 months Real tDCS and visual illusion 10 7809 49£20 —29+ 155
following spinal cord ©0)
injury (18)
7 Lépez-Carballo Neuropathic pain >3 months Real tDCS and visual illusion 10 144+65 105+£7.3 —-39+69
etal. 22)* following spinal cord with gestural control
injury (23)
8 Lagueux et al. Complex regional pain >3 months Sham tDCS and graded 14 combined sessions: 6.09 % 1.51 491£2.17 —1.18 £ 1.87 0.018
(24) syndrome motor imagery (11) 10 sessions during first
2 weeks, then
maintenance therapy

for 4 more weeks

Real tDCS and graded motor 14 combined sessions: 595221 473 £2.69 —122+246
imagery (11) 10 sessions during first

2 weeks, then

‘maintenance therapy

for 4 more weeks

Only studies that performed >10 sessions were included in the table to allow a fair comparison.

All studies used the same tDCS montage, with the following considerations: in case of phantom pain, the anode was placed over the motor cortex contralateral to the amputated limb, and the cathode over the supraorbital area ipsilateral to the amputated limb. In
neuropathic pain indications and complex regional pain syndrome, the anode was placed on the motor cortex contralateral to the painful side for patients with asymmetric pain and at the dominant hemisphere for patients with symmetric pain.

All the studies used a combination of tDCS and another non-pharmacological neuromodulatory approach. In all studies, the tDCS intensity was set to 2mA, except for Segal et al. (12), which used 1.5 mA. In all the studies, the tDCS duration was 20 min, except in Ferreira
etal. (15), which used 30 min per session. The duration of the non-pharmacological neuromodulatory approaches ranged from 12 to 20 min, except for Ferreira et al. (15), which used 30 minutes per session. Al studies conducted the combined therapy 5 times per week
for 2 weeks, except Ferreira et al. (15), which conducted the therapy 3 times per week.

Change in pain was calculated as baseline pain minus pain 1 month after the end-of-treatment time-point, except in Gunduz et al. (13), Ferreira et al. (15), and Soler et al. (16), in which posttreatment pain intensity was measured at the end of treatment (and not 1
month later) because follow-up data at 1 month were unavailable. In these studies, effect size estimation is based on the pain intensity at the end of treatment. In Lopez-Carballo et al. (22), change in pain was calculated with posttreatment data collected 15 days after end
of treatment.

The effect size was calculated as the mean change in pain in real tDCS combined with a real neuromodulatory approach versus the mean change in the sham tDCS combined with a real neuromodulatory approach, divided by the pooled standard deviation, using the
following formula d = —M=MI_ Hence, it provided an estimate to the effect of adding tDCS on top of the other neuromodulatory approach.

MMl
+/(sD12+5D2%)/2

® Effect sizes were not calculated for the following reasons: In Soler et al. (16), Kumru et al. (15), and Lopez-Carballo et al. (22), because one of two of study arms of interest was not included in the study design; in Ferreira et al. (15) the results were reported as medians of
the McGill Pain Questionnaire, and because the means and standard deviations no were reported, the SES calculation was not possible.
® Soler et al. (16) and Lopez-Carballo et al. (22) used the neuropathic pain symptoms inventory (NPSI). In Soler et al. (16), pain intensity was measured with NPSI as percentage of change.
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Inclusion

Diagnosed with MCS by coma recovery scale-reviseds

Age: from 18 to 60years;

3. More than 1 month after the initial brain injury;
4. Consciousness is in a stable phase (no change in the total score of

CRS-R) forat least 2 weeks before admission;

No cranial defect or extensive skull repair;

Precuneus and posterior parietal should be intact on at least one

side;

Patient-authorized legal representative agreed to the experimental

protocol and signed informed consent

Exclusion
1. Neurodegenerative diseases such as Alzheimer’s disease and Lewy
body dementia;
2. Disorders of consciousness caused by operation injuries or
malignancy;
3. Time since onset less than 1 month (acute coma);
4. Patients with seizures that are difficult to control;
5. Patients are undergoing other clinical trials;
6. Pregnancy and lactation,
Withdrawal

1. Recurrent seizures during treatment;

2. Life-threatening diseases such as severe lung infection, intracranial

infections, and cerebral hernia;
3. Death;

4. Patient islost o follow-up.
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