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Objective: The objective of this study was to determine the implementation, clinical barriers, and unmet needs of repetitive transcranial magnetic stimulation (rTMS) and neuro-navigation systems for stroke rehabilitation.

Design: We employed a nationwide survey via Google Forms (web and mobile) consisting of 36 questions across rTMS and neuro-navigation systems, focusing on their implementation, perceptions, and unmet needs in stroke recovery. The survey targeted physiatrists registered in the Korean Society for Neuro-rehabilitation and in rehabilitation hospitals in South Korea.

Results: Of 1,129 surveys distributed, 122 responses were analyzed. Most respondents acknowledged the effectiveness of rTMS in treating post-stroke impairments; however, they highlighted significant unmet needs in standardized treatment protocols, guidelines, education, device usability, and insurance coverage. Unmet needs for neuro-navigation were also identified; only 7.4% of respondents currently used such systems, despite acknowledging their potential to enhance treatment accuracy. Seventy percent of respondents identified lack of prescription coverage, time and errors in preparation, and device cost as barriers to clinical adoption of neuro-navigation systems.

Conclusion: Despite recognition of the potential of rTMS in stroke rehabilitation, there is a considerable gap between research evidence and clinical practice. Addressing these challenges, establishing standardized protocols, and advancing accessible neuro-navigation systems could significantly enhance the clinical application of rTMS, offering a more personalized, effective treatment modality for stroke recovery.
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1 Introduction

Stroke is the second leading cause of death, despite advancements in acute stroke treatment (1). The most significant impacts of stroke on patients and caregivers are long-term disability, activity limitation, and reduced social participation (2). Approximately two-thirds of patients with stroke are unable to return to their jobs due to persistent motor and cognitive impairment (3).

Neuroplasticity is an adaptive structural and functional change that occurs in the brain and induces cortical reorganization as an important process mediating functional recovery after stroke (4). Recently, neuromodulation has been applied to harness neural plasticity for faster and better recovery. Repetitive transcranial magnetic stimulation (rTMS), a form of neuromodulation, is a non-invasive brain stimulation technique that can modulate human cortical excitability (5).

Transcranial magnetic stimulation (TMS) is based on the generation of a magnetic field by a magnetic coil, which initiates the flow of ions and changes the electrical charge on cell membranes in the brain cortex, resulting in neuronal depolarization or hyperpolarization (6). A specific, repetitive pattern of TMS, rTMS, induces synaptic changes, such as long-term potentiation and depression, and alteration of cortical excitability, facilitating plasticity to improve motor recovery after stroke (7, 8).

Previous studies indicate that rTMS is effective for various post-stroke impairments. For example, contra-lesional low-frequency (1 Hz) rTMS at the primary motor cortex improves motor weakness after a stroke (3). Continuous theta burst stimulation at the parietal cortex significantly improves symptoms in patients with hemispatial neglect (9). Regarding language dysfunction, low-frequency (1 Hz) rTMS over the right inferior frontal gyrus has positive impacts on naming accuracy (10). Nonetheless, there is a lack of consistency in protocols regarding whether rTMS was administered in conjunction with speech-language therapy (SLT) and, if so, the intensity and type of SLT provided (11, 12). This inconsistency has been pointed out as a limitation that lowers the quality of research in this field (13). Furthermore, although a recent meta-analysis indicated that both ipsilesional high-frequency and contralesional low-frequency rTMS may be effective for treating post-stroke swallowing difficulties (14), it is imperative to address and rectify the previously inherent methodological flaws in future studies to establish more robust and compelling evidence (15).

Typically, it has a high level of clinical evidence for the treatment of psychiatric diseases, including depression, anxiety, obsessive-compulsive disorder, and addictions. Furthermore, it has been widely used in clinical practice since obtaining several Food and Drug Administration (FDA) approvals. While numerous randomized controlled studies (7, 8, 16) and interventions have been conducted in post-stroke rehabilitation over several decades, rTMS is often underutilized in clinical practice. The limited clinical utilization of rTMS can be attributed to various factors. One of the primary issues is the absence of standardized clinical guidelines for the use of rTMS in stroke patients. Moreover, concerns regarding the accuracy and reliability of treatment administration further contribute to the hesitancy among healthcare professionals. Regulatory hurdles and reimbursement challenges also pose significant barriers to the widespread adoption of rTMS in clinical settings. In South Korea, only FDA-approved depression is considered for rTMS under non-reimbursement, excluding stroke. Likewise, in Japan and many European countries, rTMS is not covered by medical insurance or reimbursed, restricting access within public health systems (17, 18). In the United States, repeated courses of TMS are not routinely covered by insurance, and there are significant obstacles to obtaining coverage through insurance (19), limiting the accessibility and availability of treatment for underserved patients (20).

Consequently, these factors collectively diminish physicians’ confidence and willingness to actively integrate rTMS into their treatment regimens, ultimately leading to its underutilization in stroke rehabilitation. However, as of yet, no comprehensive investigation of unmet needs among physiatrists applying rTMS for stroke recovery in clinical practice has been conducted.

The primary objective of this study was to investigate the current status, clinical practice implementation, perceptions, and barriers related to rTMS therapy and neuro-navigation in stroke rehabilitation through a nationwide survey. Additionally, we sought to pinpoint the unmet clinical needs for the application of these treatments. We aimed to provide a comprehensive overview of the current landscape and highlight the potential areas for enhancement in the application of rTMS and neuro-navigation. We expect to enhance the level of evidence for rTMS therapy and develop new indications and treatment techniques by identifying research topics that address the unmet needs. Moreover, advancements in rTMS devices and software have the potential to boost the treatment’s convenience, accuracy, and safety.



2 Methods


2.1 Survey instrument

The survey instrument was developed based on a comprehensive review of existing literature on rTMS treatment in stroke rehabilitation and in-depth interview with leading experts. In developing the questionnaire, key references included recent meta-analyses and clinical guidelines for rTMS treatment (7, 21–23). To ensure quality and reliability, the development process followed the CHERRIES checklist and included several key steps (22). Three physiatrists who specialize in the clinical use and research of rTMS jointly developed the questionnaire. The preliminary version of the questionnaire was administered to two experts in rehabilitation medicine for pre-testing. This process ensured, first, comprehension and interpretation of questions and response items; second, flow, salience, complexity of the questions, and the number of items; third, identification of missing items or response options; and fourth, time required to complete the survey. This feedback was meticulously analyzed and utilized to refine and enhance the survey instrument, thereby ensuring its validity and reliability.

The survey was comprised of 36 optional or open-ended questions, categorized into three distinct domains: (1) demographics of respondents, (2) questions related to rTMS, and (3) questions related to neuro-navigation systems. Current state, implementation, perceptions, barriers, and unmet needs of rTMS therapy for stroke treatment and the neuro-navigation system were investigated with a questionnaire consisting of a Likert-like scale or multiple-choice items. The full description of the questionnaire used in the survey is provided in Supplementary material 1. The survey was administered via Google Forms, which is accessible through both web and mobile platforms. To improve the response rate, emails and postal mailings were used.



2.2 Participants

In South Korea, the majority of rTMS treatments for stroke patients are administered by physiatrists in rehabilitation departments. To enhance the consistency and quality of survey responses, we exclusively recruited physiatrists who consented to participate in the survey and provide their personal information for research purposes. Before respondents began the questionnaire, written informed consent was obtained online. To mitigate the risk of duplicate responses, the survey required both the email address and medical license number of the respondent. All identifying information was subsequently anonymized during data analysis to ensure privacy. This study was approved by the Institutional Review Board of Keimyung University Dongsan Medical Center (IRB No. 2023-08-005). This study followed the STROBE guidelines and reports the required information accordingly (see Supplementary Table 1).



2.3 Intervention

The initial round of the survey was conducted via email, including a survey link to registered members of the Korean Society for Neuro-rehabilitation. To expand the range of survey responses, a second round was conducted by postal survey, including a QR code linked to the online survey to 52 “designated rehabilitation hospitals.” A designated rehabilitation hospital, officially authorized by the Ministry of Health and Welfare, is representative of rehabilitation hospitals in South Korea and meets the national standards of facilities, human resources, equipment, and medical services. In addition, 22 regional rehabilitation hospitals in the local area were included to identify the characteristics unique to provincial hospitals. The survey was conducted from October 23, 2023, to December 2, 2023.



2.4 Statistical analysis

We used descriptive analyses to summarize the participants’ demographics. To further specify the characteristics of the respondents and the results of the survey, age, type of hospital, job title, and years of board certification as a physiatrist were categorized, as shown in Table 1. We also used descriptive statistics, such as frequencies and percentages, to analyze the survey results regarding rTMS and neuro-navigation systems. For open-ended questions, we grouped similar responses to itemize them to facilitate data interpretation. Then the proportions for each item were organized. Statistical analyses were conducted using SPSS version 21.0 (IBM Corp., Armonk, NY, United States).



TABLE 1 Demographics of respondents.
[image: Table1]




3 Results


3.1 Demographics

Of the total 1,129 surveys sent out, 122 were returned [response rate: email (60/840), postal (62/289)]. The demographics of the respondents are presented in Table 1. The majority of respondents were male (72.1%), with a mean age of 42.2 years. The most prevalent workplace was “designated rehabilitation hospital” (47.5%), followed by “tertiary hospital” (32.8%). Most of the respondents were employed physicians (58.2%), followed by professors (32.8%). Among respondents, 45.1% had been working as a physiatrist for over 10 years.



3.2 Survey results of rTMS therapy


3.2.1 Experience with rTMS and perspective of effectiveness

Among the 122 respondents, 92.62% (n = 113) had experience with rTMS for treatment of patients with stroke. Among those with experience, 6.6% reported that rTMS was “very effective” in the treatment of post-stroke impairments, 47.5% reported “effective,” 31.1% reported “somewhat effective,” and 14.8% reported “less effective” (Supplementary material 2). At the time of the survey, 69.7% (n = 85) of respondents were actively performing rTMS therapy for patients with stroke at their hospital. Among them, all respondents applied the rTMS for motor impairment, followed by language dysfunction (69.4%) and cognitive impairment (30.6%).

Regarding the question of whether the rTMS coil is securely anchored in the intended position during treatment, 3.5% reported “very stable,” 30.6% reported “stable,” 49.4% reported “moderately stable,” and 16.5% reported “very unstable” (Supplementary material 2). Further, 57.6% of respondents indicated that they fix the rTMS coil with an extra arm and adjust it along with the patient’s movement during treatment sessions, while 23.5% responded that they fix the rTMS coil at the beginning of treatment by an arm but do not adjust the coil along with the patient’s movement.

Motor-evoked potentials are measured by 57.6% of respondents to determine the motor threshold (Table 2). Conversely, 35.3% only visually observe muscle twitch response. When queried about their methods for identifying the motor hot spot, 54.1% stated they measured the motor evoked potentials, while 42.4% used anatomical landmarks and calculated the proportional distance based on the standard 10–20 electroencephalogram (EEG) system. Some respondents mentioned that they measure motor evoked potentials in clinical practice, while they use functional magnetic resonance imaging (fMRI) or EEG in research to identify motor hotspots.



TABLE 2 Clinical implementation status of rTMS for patients with stroke.
[image: Table2]



3.2.2 Physician awareness of rTMS

Survey responses indicated that 44.3% of hospitals either lack a treatment protocol, or where such a protocol exists, physiatrists are not familiar with it (Figure 1A). Most respondents were well aware of the side effects (e.g., headache, hearing problem, and seizure) and contraindications (e.g., the presence of metal hardware, history of seizures, and mental illness) of rTMS. However, 43.4% were relatively unaware of safety guidelines (e.g., total number of pulses, stimulation intensity) (Figure 1B). The most concerning side effects were seizure (97.5%), followed by headache (36.9%) (Supplementary material 2).

[image: Figure 1]

FIGURE 1
 Physician awareness of rTMS. (A) Awareness of treatment protocol. (B) Awareness of side effects, contraindications, and safety guidelines. rTMS, Repetitive transcranial magnetic stimulation.




3.2.3 Unmet needs for rTMS therapy in stroke rehabilitation

Respondents had numerous unmet needs for rTMS therapy for treating patients with stroke. The total duration of treatment (1 week, 2 weeks, 4 weeks, or other) was identified as the most difficult parameter when determining an rTMS therapy protocol for 63.1% of respondents, followed by the symptom-specific stimulation location (37.7%) (Figure 2A). Other responses included the consideration of a personalized approach and number of treatment sessions per day. Importantly, 80.3% of respondents wanted to enhance the usability of rTMS devices, followed by the need for lighter rTMS coils (45.1%) (Figure 2B). Of the respondents, 76.2% reported that the most significant barriers to the clinical application of rTMS are lack of health insurance and reimbursement coverage followed by device cost, requirement of a skilled technician, and protocols (Figure 2C). We obtained additional open-ended responses regarding unmet needs for rTMS therapy and categorized them: the most common unmet needs were lack of protocols, guidelines, and education (30.6%), followed by usability of rTMS devices (28.6%) (Supplementary material 2).

[image: Figure 2]

FIGURE 2
 Unmet needs for rTMS therapy in patients with stroke. (A) Unmet needs for treatment protocol. (B) Unmet needs for rTMS device. (C) Barriers to clinical application of rTMS therapy. rTMS, Repetitive transcranial magnetic stimulation.





3.3 Survey results of neuro-navigation system


3.3.1 Experience with and perspective of neuro-navigation system

Only 7.4% of respondents indicated that their institution has a neuro-navigation system (Figure 3A). However, 86.1% responded that they would be willing to use a neuro-navigation system for rTMS therapy if it were available.

[image: Figure 3]

FIGURE 3
 Usage and physician awareness of the neuro-navigation system. (A) Availability and interest of neuro-navigation system. (B) Familiarity with neuro-navigation system. (C) Understanding of neuro-navigation system.




3.3.2 Physician awareness of neuro-navigation systems

Of all respondents, 59.8% reported that they had heard of or were familiar with neuro-navigation (Figure 3B). Correspondingly, 59.9% of the respondents reported that they were aware of the concept of using neuro-navigation in rTMS therapy (Figure 3C).



3.3.3 Unmet needs of neuro-navigation system

Among the respondents currently using neuro-navigation systems, 70% reported a lack of reimbursement coverage of prescription as a major limitation for usage, followed by the time required, errors occurring in the preparation process, the device cost, and the additional burden on the patient [e.g., requirement of navigation magnetic resonance imaging (MRI)] (Figure 4A). The most common barrier to the application of neuro-navigation systems in clinical practice was the cost of the device (92.6%), followed by lack of reimbursement coverage (Figure 4B).

[image: Figure 4]

FIGURE 4
 Unmet needs for neuro-navigation system. (A) Shortcomings and limitations of commercialized neuro-navigation systems. (B) Barriers to clinical application of neuro-navigation system.






4 Discussion

Repetitive transcranial magnetic stimulation is widely used in clinical practice and research for stroke rehabilitation. The primary objective of this study was to assess the current status and identify unmet clinical needs related to rTMS treatment and neuro-navigation in stroke rehabilitation. The results of our nationwide survey indicated that most physiatrists are familiar with rTMS and agree with its effectiveness, especially for motor impairment after stroke. rTMS itself is not a novel treatment; however, numerous unmet needs remain, including a standardized treatment protocol, optimal patient selection criteria, adjuvant application techniques, and reimbursement coverage. In addition, unmet needs for neuro-navigation systems also exist. These systems may accelerate the accuracy and reliability of rTMS; nonetheless, they are not well known among clinicians yet, and more scalable devices are needed.

Repetitive transcranial magnetic stimulation has the potential to alter neural plasticity by inducing depolarization in neural cells at the cortex level through the electric currents generated by magnetic stimulation. Furthermore, it modulates the functional connectivity between these neurons and adjacent neural substrates (24). It is a relatively safe, non-invasive brain stimulation technique that has been studied and used in clinical practice in various disease entities.

However, despite the increasing evidence, rTMS is not generally recommended by experts in stroke rehabilitation (25). One reason is that, although several studies have demonstrated the clinical efficacy of rTMS in stroke patients (26–28), there remains a lack of consensus on the potential therapeutic effect of rTMS (16).

Our results revealed that the perceived efficacy of rTMS in stroke recovery was not as high as expected (moderately or highly effective: 54.1%). Individual randomized clinical trials (RCTs) have shown positive results on the effectiveness of rTMS for patients with stroke (25, 29). However, according to a Cochrane review, Hao et al. (16) found that it is difficult to draw a clear conclusion on the effectiveness of rTMS in post-stroke patients, and Pollock et al. (30) found that rTMS was effective in improving upper limb function and performance of activities of daily living tasks; however, the level of evidence was low. Heterogenous effect sizes between studies, small sample sizes, and various proof-of-concept trials have led to uncertain evidence in a previous study (25). In contrast, a 2017 meta-analysis by Zhang et al. (7) reported short- and long-term treatment effects on upper limb function recovery after stroke, indicating there is still no clear consensus on the treatment effects of rTMS in stroke rehabilitation.

To enhance the treatment efficacy of rTMS, it is necessary to provide accurate treatment protocols and appropriate guidelines (31). Our findings revealed only 37.7% of respondents have their own treatment protocol, yet are unfamiliar with it, and 6.6% have no protocol whatsoever. Further, 30.6% of respondents have unmet needs for standardized clinical protocols and training programs for physicians and researchers. They also reported many challenges in determining the appropriate protocol according to the time since stroke, lesion location, severity, and total treatment period. As such, the lack of standardized treatment protocols is a barrier to the active use of rTMS in clinical practice. Similarly, Fisicaro et al. (9) demonstrated there is considerable variation across studies in stimulus frequency, intensity, number of sessions, number of total pulses, and total treatment duration. Additionally, there is no consensus on these parameters, to date.

The effectiveness of rTMS is highly dependent on both the selection of the stimulation target and the precision of the methods used to find this target (32). Especially, when applying rTMS to post-stroke impairment, accurately identifying the “motor hotspot” and determining “motor threshold” are essential. The motor hotspot is the location at the motor cortex where a stimulus of a given intensity produces maximum peak-to-peak motor-evoked potential (MEP) (33, 34). In our survey, 57.6% of respondents reported that they determine the motor threshold by evaluating the MEP; however, 35.3% only observe the muscle twitch. The latter method tends to overestimate the motor threshold by 11.3%, which may be a safety concern for some patients or in certain protocols (35). Approximately 43% of respondents reported that they use the 10–20 EEG system to identify “motor hot spots,” rather than MEP measurement, which may also hinder the treatment effect because it is not an accurate stimulation target based on a functional approach.

Other important features of increasing the effectiveness of rTMS therapy are accuracy and repeatability of coil application. Maintaining the position of the rTMS coil is crucial during the treatment because the induced magnetic field at the cortex can be significantly changed by even small movements in orientation of the rTMS coil (36). In our study, only 34.1% (highly stable: 3.5%, stable: 30.6%) of respondents were confident that the magnetic coil remains in its originally intended position during rTMS therapy. rTMS therapy often lasts 5–25 min per session and is repeated over several days to weeks, during which magnetic stimulation should be applied to the same location. This highlights the need for a system that ensures the coil position in real time. Moreover, the shape and size of the brain and head, distance between the stimulation coil and the responding neural tissue, and orientation and location of anatomic structures are all parameters that must be defined for each patient in rTMS therapy (37).

Neuro-navigation is useful in this context to identify the stimulation target based on MRI and to track the coil in real time. It is able to correct any movement error in position or angulation of the rTMS coil during the session (38), and it also provides optimal reproducibility between sessions (39). Fitzgerald et al. (40) reported that navigation rTMS, compared to standard rTMS, enabled more precise targeting of specific areas for the treatment of depression, resulting in improved outcomes. Despite the many advantages of neuro-navigation (41), it is rarely used in clinical practice for TMS therapy (42). In our survey, 40% of respondents reported they had never heard of neuro-navigation systems or did not know about its concept; only 7.4% of respondents were currently using neuro-navigation in rTMS therapy.

While neuro-navigation can improve the accuracy and precision of rTMS therapy, it has some major limitations. First, numerous technical and man-made errors occur unexpectedly during procedures. The neuro-navigation process is typically classified into computed tomography (CT)- or MRI-based image acquisition, planning, patient-to-image registration, and mechanical execution phases. The largest errors may occur in the surface registration phase, and the accumulation of errors in each phase increases the probability of applying magnetic stimulation to unintended brain cortex areas (43). Users of neuro-navigation systems may have a misconception that using neuro-navigation will definitely lead to superior outcomes; however, clinicians should be aware of the various errors that may occur.

According to our survey, unmet needs for rTMS devices included usability improvements, followed by lighter weight of the magnetic coil. In addition, barriers to clinical adoption of rTMS systems included a lack of health insurance and reimbursement coverage, as well as device cost. The current rTMS systems are heavy, complicated, and expensive, which can be a barrier to the use of rTMS in small clinic applications (44). Consistent with our findings, Pacheco-Barrios et al. (45) reported that addressing potential barriers to device usability, such as lightening the weight, improving scalp comfort, and avoiding excessive heat, also increases device adoption.

In addition, in our survey, unmet needs for neuro-navigation systems included appropriate reimbursement coverage, followed by device costs, technical barriers and errors, and additional burden on patients and physicians. Some commercialized neuro-navigation systems are overengineered and not suitable for rTMS, preventing its wide usage. Previous studies also reported that neuro-navigated rTMS therapy adds complexity and additional cost, and has yet to be definitively demonstrated to improve clinical outcomes (46). Moreover, Caulfield et al. (41) noted that proficient use of neuro-navigation in rTMS requires a streamlined approach and additional training for technicians, including an understanding of the software and camera interface, for accurate application. Notably, 86.1% of respondents in our survey expressed interest in a neuro-navigation system if available. Therefore, if an easy-to-use and advanced neuro-navigation system specialized for rTMS is developed; it will not only be widely used in clinical practice but will also contribute to improving the quality of rTMS-related research.

A few limitations of the present study warrant acknowledgment. First, despite the nationwide scope of the survey, its target was solely physiatrists, potentially leading to an underrepresentation of all clinicians who might use this treatment method. However, considering that in South Korea the majority of post-stroke rTMS therapies are administered by departments of rehabilitation, we assumed the survey effectively captured substantial insights into the unmet needs within this domain. However, future research should aim for a more representative sample that includes diverse hospital environments and working modes to enhance the generalizability of the findings. Second, the sample size was limited, with a response rate of approximately 10.8%. Despite the survey being conducted using email and postal service, the data set generated was insufficient for creating a comprehensive and representative sample. However, it is important to note that medical professionals applying rTMS in stroke rehabilitation are concentrated in specific groups. In this study, approximately 70% of the respondents reported actively using rTMS in their clinical practice. This suggests that the data collected can be considered somewhat representative of the current state of rTMS utilization in stroke rehabilitation. Third, no correlation analyses were performed. We focused on descriptive statistics to align with the exploratory nature of our survey, which aimed to gather foundational data. In future studies, a more systematic approach to designing the survey questionnaire may enable correlation analysis, potentially yielding valuable insights into the relationships between various factors influencing rTMS utilization in stroke rehabilitation. Lastly, patient factors such as awareness and acceptance of rTMS were not assessed, yet they significantly impact its application. Future research should include evaluations of these patient-related factors to provide a more comprehensive understanding of the barriers to rTMS utilization. This approach will assist in the development of effective strategies to enhance patient education and acceptance, thereby facilitating wider adoption of rTMS in clinical practice.



5 Conclusion

Although widely acknowledged for its effectiveness, particularly in motor impairment rehabilitation, rTMS faces challenges in clinical adoption due to a lack of standardized treatment protocols, sufficient evidence for its efficacy, and issues related to device usability and insurance coverage in stroke rehabilitation. The findings from our nationwide survey of physiatrists indicated a demand for clearer guidelines, better education on rTMS application, and the development of more accessible neuro-navigation systems to enhance treatment precision. Addressing these unmet needs is crucial for bridging the gap between research and clinical practice, thereby maximizing the therapeutic benefits of rTMS in stroke rehabilitation.
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