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We are in the midst of a mental health crisis with major depressive disorder being the most prevalent among mental health disorders and up to 30% of patients not responding to first-line treatments. Noninvasive Brain Stimulation (NIBS) techniques have proven to be effective in treating depression. However, there is a fundamental problem of scale. Currently, any type of NIBS treatment requires patients to repeatedly visit a clinic to receive brain stimulation by trained personnel. This is an often-insurmountable barrier to both patients and healthcare providers in terms of time and cost. In this perspective, we assess to what extent Transcranial Electrical Stimulation (TES) might be administered with remote supervision in order to address this scaling problem and enable neuroenhancement of mental resilience at home. Social, ethical, and technical challenges relating to hardware- and software-based solutions are discussed alongside the risks of stimulation under- or over-use. Solutions to provide users with a safe and transparent ongoing assessment of aptitude, tolerability, compliance, and/or misuse are proposed, including standardized training, eligibility screening, as well as compliance and side effects monitoring. Looking into the future, such neuroenhancement could be linked to prevention systems which combine home-use TES with digital sensor and mental monitoring technology to index decline in mental wellbeing and avoid relapse. Despite the described social, ethical legal, and technical challenges, the combination of remotely supervised, at-home TES setups with dedicated artificial intelligence systems could be a powerful weapon to combat the mental health crisis by bringing personalized medicine into people’s homes.
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INTRODUCTION

Mental health in European countries is a cause of growing concern. In 2018 it was estimated that mental health problems affect approximately 84 million people across the EU (OECD/European Union, 2018). Mental health problems constitute the fastest-growing family of pathologies in terms of morbidity, mortality, and socio-economic costs, which are estimated at more than 4% of GDP (>600 billion euros). The ongoing COVID-19 pandemic has exacerbated the mental health crisis further (Ćosić et al., 2020; Liu et al., 2020; Talevi et al., 2020), emphasizing the need for continued exploration and development of mental healthcare innovations.



MAJOR DEPRESSIVE DISORDER, AND NON-INVASIVE BRAIN STIMULATION APPROACHES

Among mental health disorders, Major Depressive Disorder (MDD) is the most prevalent. The prevalence of MDD has been reported as anywhere between 4.4% and 5.0% globally (Ferrari et al., 2013). Therefore, we here use MDD as an example case to assess the opportunities and challenges of remote medicine using brain stimulation approaches. The most commonly prescribed treatment options for MDD are psychotherapy and pharmacotherapy. However, not all patients respond equally well to these first-line treatments. Up to 30% of MDD patients fail to respond to at least two different antidepressant medications.

A promising new treatment approach for MDD involves Non-Invasive Brain Stimulation (NIBS), which can be used to up- or downregulate brain activity in targeted regions. NIBS includes, among other techniques, transcranial magnetic stimulation (TMS) and Transcranial Electrical Stimulation (TES). TMS was explored as an MDD treatment first, specifically to offer an alternative for treatment-resistant patients. In TMS, a burst of electric current is discharged through a coil, producing a rapidly changing magnetic field that penetrates the skull. This magnetic pulse in turn induces an electric field in the brain, depolarizing neurons to modulate both local and network activity in the cortex (Reithler et al., 2011). In recent years, based on several randomized clinical trials confirming its efficacy, TMS over the frontal cortex has been acknowledged as an effective therapy of treatment-resistant depression. Up to 50% of treatment-resistant depression patients benefit from high-frequency repetitive TMS (rTMS) to Left Dorsolateral Prefrontal Cortex (DLPFC), with a remission rate of 30% (Perera et al., 2016; Blumberger et al., 2018). The use of rTMS as a therapy for treatment resistant depression (TRD) has received CE and Food and Drug Administration (FDA) approval and is increasingly widely adopted in clinical practice (McClintock et al., 2018). Relapse rates after TMS treatment are reported to be about 10% at 6 months post-treatment (Janicak et al., 2010). Unfortunately, TMS treatment is fairly involved, generally consisting of daily visits for 4–6 weeks to a clinic where medical professionals perform the procedure. On the other hand, the side effects are minimal, and it is principally safe to use. Its greatest safety concern is seizure induction, but this is highly uncommon and has no lasting adverse effects (Lefaucheur, 2019). Other side effects reported in more than 5% of the population are discomfort at the stimulation site and headaches (Zis et al., 2020).

A second non-invasive brain stimulation technique is (low-intensity) Transcranial Electrical Stimulation (TES). TES involves the application of (minimally) two electrodes, at least one of which is placed over a brain region of interest. Low-intensity electrical current (generally around 1–2 milliAmperes) flows between the anodal and cathodal electrodes, inducing changes in cortical excitability and plasticity both locally and in connected areas (Palm et al., 2016). If the polarity of each electrode remains constant, this is referred to as Transcranial Direct Current Stimulation (tDCS). In recent years, expert panels have determined that frontal tDCS was probably (Lefaucheur et al., 2020) or definitely (Fregni et al., 2021) effective in treating depression, sometimes even with effect sizes comparable to drugs and TMS (Brunoni et al., 2016). TES has a very mild side effect profile, including most commonly tingling or itching skin sensations, erythema under the electrodes, and headaches (Brunoni et al., 2011a). With more than 30,000 registered sessions in 2016, no serious adverse events had ever been reported (Bikson et al., 2016).



BARRIER OF ACCESSIBILITY

The increasing acknowledgment and adoption of NIBS as a valid depression treatment approach is interesting in light of growing mental health concerns. The emergence of NIBS clinics makes this treatment accessible to more and more patients, and many countries have now integrated NIBS treatment into their health and insurance systems. Furthermore, NIBS compares favorably with other treatment options like pharmacotherapy in several ways, including side effects. Side effects of antidepressants, such as weight gain, nausea, sexual dysfunction, and somnolence can significantly reduce patient quality of life and therefore compliance with treatment (Brunoni et al., 2012; Sauvaget et al., 2018). NIBS is noninvasive, and painless and it does not interact with other medications, making it particularly useful for patient subpopulations like the elderly (who often use multiple drugs concurrently), as well as pregnant and breastfeeding women (Brunoni et al., 2011b).

Currently, NIBS appears to offer unique advantages but cannot easily be applied at scale (as, e.g., pharmacotherapy), since patients repeatedly need to visit a clinic to be treated by trained personnel. Therefore, it is crucial to evaluate further technical opportunities that may eliminate some of these limitations, such as non-invasive brain stimulation with at-home treatment devices. At the moment, TES, as compared to TMS, seems to be the more reasonable option to explore, since TES technology is cheaper, more portable, easier to use, and has a higher tolerability and lower drop-out rate (Priori et al., 2009; Vanneste et al., 2010; Charvet et al., 2015). In the remainder of this review, we assess to what extent TES might be administered at home, with hand-held devices, after instruction, and with remote supervision.



AT-HOME TES

Conceptually, both acute treatment of depression and relapse prevention could be done with TES systems. In practice, in the pursuit of such development, it would seem crucial to ensure remote supervision by a medical specialist or therapist who has full access to all data across all sessions, including patient compliance, clinical effects (monitored digitally using experience sampling methods and digital standard depression scales), general mental health monitoring (including changes in cognition, mobility performances, social isolation), and overall treatment progress. There are at least two published instances showcasing the efficacy and feasibility of home-delivered, supervised tDCS in MDD patients (Alonzo et al., 2019; Aparicio et al., 2019). Alonzo et al. (2019) assessed mood improvements, compliance, and feasibility of an 8-week, at-home tDCS administration protocol to treat MDD. They found significant mood improvements (in Montgomery–Asberg Depression Rating Scale scores), comparable with findings from clinic-based trials. Protocol adherence was excellent (6% dropout rate), and side effects were found to be minimal. Aparicio et al. (2019) followed both nontreatment-resistant and treatment-resistant patients undergoing at-home tDCS continuation therapy for relapse prevention over a 6-month period. Treatment was found to be well-tolerated and completion rates were 73.5%. Relapse rates were significantly lowered compared with a previous follow-up study (26.5% vs. 53%), especially for nontreatment-resistant patients. This preliminary evidence is promising for potential wider adoption of such at-home tDCS systems for acute treatment and possibly relapse prevention in MDD.



RISKS AND CHALLENGES OF AT-HOME TES


Over- and Under-Use

A safety concern with at-home TES systems is the over- or under-use in terms of frequency or intensity of stimulation. A study investigating the demographic characteristics and motivations of people who used direct-to-consumer, at-home tDCS devices, found that over 40% of participants self-administered an excessive number of sessions compared to prescribed scientific or clinical protocols, with 8.4% administering over 100 sessions on themselves (Wexler, 2018). A significant proportion of the participants (31.5%) reported they had bought and used at-home tDCS specifically to self-treat depression. Therefore, over-use of tDCS in people seeking depression (or other mental health) treatment should be considered. In the same study, some of the participants reported purposefully attempting to use stimulation intensities above the recommended 2 mA, even though their devices did not allow for such dosage. The current upper limit in terms of research into long-term effects of tDCS use is the study by Im et al. (2019). In this study, the effects of at-home tDCS use over DLPFC in patients with early Alzheimer’s disease (AD) were explored. Authors found tDCS to be safe and effective in treating both behavioral and metabolic correlates of AD over a 6-month period. The mechanisms underlying the therapeutic effects of tDCS are still not fully understood, and there is no data at present verifying the morphological or behavioral changes resulting from exposure to tDCS for longer than 6 months. While this is a risk for any use of tDCS, at-home tDCS opens the door to potentially much longer treatment paradigms, making it a more pressing issue. This lack of knowledge about long-term side effects presents one barrier to the adoption of at-home tDCS systems.

Another possible source of error associated with at-home tDCS use is the high degree of variability which stems from its montage. Small changes in either the physical placement of electrodes or in the intensity of the current passed through them can result in large differences in its effects. Electrode placement location determines the areas of greatest current density in the brain, and therefore the behavioral or clinical outcomes of stimulation (Bikson et al., 2010). Studies monitoring the physiological consequences of changing electrode placement (Nitsche and Paulus, 2000; Woods et al., 2015), as well as computational modeling of placement changes as small as 1 cm (Minhas et al., 2012; Kessler et al., 2013; Woods et al., 2015) have demonstrated how such small changes result in significant differences in the predicted or measured current flow in the brain. It is important, therefore, to address these methodological concerns. This can be reliably done through standardized hardware implementations concerning montage and impedance control, as discussed below.




HOW TO DO IT RIGHT: AT-HOME TES SYSTEMS


Compliance Control

The previously mentioned safety concerns might be mitigated with at-home, supervised tDCS systems for clinical trials or the provision of telemedicine. There are several key requirements which should be met in order to ensure safety, reproducibility, and consistency. First, both researchers/clinicians and patients/caregivers must be trained in tDCS administration at a rigorous and predefined standard. Training should involve formal knowledge acquisition, hands-on practical training, and supervised administration sessions. For instance, Charvet et al. (2015) proposed a decision-tree standardized flowchart of patient interactions, evaluating eligibility using “stop” criteria at each consecutive step of the process. An example of such a flowchart can be seen in Figure 1. Alongside the device itself and its accessories, the flowchart should allow researchers, technicians, and clinical staff to provide users with a safe and transparent ongoing assessment of aptitude, tolerability, compliance, and/or misuse. There is the possibility to further tailor this approach to each patient’s specific needs—some patients might only need supervision during a pre-defined trial period, while others may need it indefinitely. Monitoring could be done through the use of secure video connections, ensuring visual confirmation of device preparation, electrode placement, impedance control, and environmental factors. Stimulation sessions would only begin following the confirmation through a video that all requirements have been met. Finally, self-reports allowing subjects and technicians to keep track of any adverse events, tolerance issues, or study-specific measures must be provided. An example system can be seen in Figure 2.
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FIGURE 1. Flowchart of patient interactions with “stop” eligibility criteria. Adapted from Charvet et al. (2015).
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FIGURE 2. Example of a remotely supervised, at-home TES system.





Montage and Impedance Control

Strict dose preparation and montage are essential for proper and reproducible tDCS (Peterchev et al., 2012). With remotely supervised tDCS systems this might be achieved away from research and medical centers. Specially designed headgear may allow for consistent and correct placement on the head. Headsets can be produced in several head-sizes and come with frame-of-reference markers to align to relevant landmarks. Devices should include impedance meters, which prevent the use of the system unless all electrodes have been set up accurately. All components must be clearly labeled to prevent confusion and errors in the application at home. To reduce contamination, sponges should never be reused between patients. Dose control can be set remotely, using either hardware or software solutions. Hardware solutions include pre-programmable devices, set to only provide a certain number of sessions with pre-defined parameters. The downside of such hardware-based solutions is the necessity to reconfigure/reset devices after the limited number of sessions has been exhausted. Software-based solutions are centered around devices which use the pre-generated device unlock codes. Device unlock codes can contain information about any and all relevant parameters—stimulation intensity, duration, and condition, as well as the number of sessions to be executed. Unlock codes would be provided per session by the research or medical staff, allowing for real-time feedback and control of each session. Unlock codes are not to be programmed by the researchers or caregivers, making them well-suited to the execution of double-blind clinical trials, as well as enhancing reproducibility and safety.




LEGAL STATUS

Any device meant for research or medical use needs to comply with ethical and safety standards, for example, set by the Food and Drug Administration (FDA) in the USA or the Medical Device Directive (MDD) and health authorities in the EU. Any non-invasive brain stimulation devices used in the EU are classified as Class IIa, according to the Council Directive 93/42/CEE for medical devices, and should conform to standards and directives (Antal et al., 2019). All devices intended for clinical use must be CE marked. This means they must fulfill essential requirements for safety and performance. It is required to have systematic procedures in place in order to track the appearance and frequency of side effects and/or malfunctions by the device. Additionally, medical practitioners are required by law to report any and all incidents related to the device. Regarding cyber security, industry-standard measures should be applied, and devices should comply with safety requirements as stipulated in the new EU regulations MDR 2017/745. It is further recommended that there are two additional layers of safety applied in such devices. First, concerning hardware limitations, the inclusion of component and dedicated circuits, battery capacity, and type, in the electronics so that—regardless of software commands—it is physically impossible for the device to deliver currents above the recommended thresholds. Second, in relation to firmware limitations, the firmware installed directly on the electronics should have a separate security level, ensuring that only pre-defined and approved software messages will be executed by the firmware, and that no instructions with potentially harmful effects will be attempted or executed. With both these in place, even in scenarios where patients seek to use illicitly obtained “unlocks”, or malicious actors seek to remotely interfere with stimulation protocols, the outcome of such security breaches would still not be of any risk to the user. Finally, for any device to be approved for clinical use, there needs to be sufficient RCT evidence of therapeutic effects.



FUTURE PERSPECTIVES

One approach to deal with the rising demand for mental health care has been telemedicine. Telemedicine can be broadly described as any medical activity which involves an element of distance (Wootton, 2001). When it pertains to mental health, “e-mental health” is used in place of telemedicine as an umbrella term, referring to the use of any digital technologies or media, particularly those that utilize the internet, with the aim of providing acute and/or relapse prevention mental health care, across geographical distances (Riper et al., 2010). The use of e-mental health has risen sharply during the COVID-19 pandemic, due to its adaptability to social distancing and stay-at-home guidelines (Ellis et al., 2021). Its effectiveness has been shown in the context of depression (García-Lizana and Muñoz-Mayorga, 2010), anxiety (Rees and Maclaine, 2015), and post-traumatic stress disorder (Turgoose et al., 2018). At home TES solutions seem a natural fit in this larger context of telemedicine and e-health, especially if associated software innovations can learn from parallel developments in this space.

As people increasingly incorporate wearable technology to monitor vital signs, physical activity, sleep quality, and other health information, a future avenue worth exploring is the combination of such technology with telemedicine. The use of mental health apps designed for self-management, symptom tracking, cognition improvement, and social support has been on the rise with the ubiquity of mobile phone usage and are currently also increasingly prescribed by mental health practitioners as a supplementary form of care (Chandrashekar, 2018). There is evidence now suggesting that physiologic markers such as heart rate variability (HRV) can be reliable trait markers of MDD (Brunoni et al., 2013). Therefore, it has become possible to combine mobile devices capable of measuring HRV with digital platforms for the monitoring of subjective mental wellbeing, social isolation, mobility performance, and other cognitive self-report measures. This data stream can be recorded and interpreted by dedicated artificial intelligence (AI) systems, with the aim of signaling a potential transition from a healthy to a depressed mental state. Such a virtual mental health service, combining home-use tDCS treatment with a digital sensor and mental monitoring technology, could be used to index a potential decline in mental wellbeing and signal a future relapse episode to the user and their healthcare team (Gillan and Rutledge, 2021; Kelley and Gillan, 2022), indicating TES-based intervention at the earliest possible time point. Looking further ahead, there is room for optimization in the personalizing of stimulation parameters to make treatment more effective. Currently, NIBS treatments follow a one-size-fits all approach, not usually taking into account inter-individual differences in anatomy and neural dynamics (though see Evans et al., 2020 for interesting developments).



CONCLUSIONS

The use of remotely supervised, AI-based, at-home tDCS systems for acute treatment, relapse prevention, and mental wellbeing monitoring is an avenue with innovation potential for both research and clinical practice. Scientific, societal, clinical, and financial benefits can be achieved by further development and study of such technologies. TES has been demonstrated to be easy to use, well-tolerated, efficacious, and consumer devices are already on the market. Further research into its opportunities, but also challenges, seems timely and warranted.
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