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Fig.1 Schematic diagram of temporal interference
stimulation
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Fig. 2 Effects of TIs on the right globus pallidus in parkinson’s disease patients (adapted from [25])
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Fig. 3 Schematic diagram of low—intensity transcranial
focused ultrasound stimulation (LTFUS)
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Table1 Comparative analysis of different non—invasive deep brain stimulation technologies
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Abstract Parkinson’s disease (PD) is a common neurodegenerative disorder that significantly impacts patients’
independence and quality of life, imposing a substantial burden on both individuals and society. Although
dopaminergic replacement therapies provide temporary relief from various symptoms, their long-term use often
leads to motor complications, limiting overall effectiveness. In recent years, non-invasive deep brain stimulation
(DBS) techniques have emerged as promising therapeutic alternatives for PD, offering a means to modulate deep
brain regions with high precision without invasive procedures. These techniques include temporal interference
stimulation (TIs), low-intensity transcranial focused ultrasound stimulation (LITFUS), transcranial magneto-
acoustic stimulation (TMAS), non-invasive optogenetic modulation, and non-invasive magnetoelectric
stimulation. They have demonstrated significant potential in alleviating various PD symptoms by modulating
neural activity within specific deep brain structures affected by the disease. Among these approaches, Tls and

LITFUS have received considerable attention. TIs generate low-frequency interference by applying two slightly
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different high-frequency electric fields, targeting specific brain areas to alleviate symptoms such as tremors and
bradykinesia. LITFUS, on the other hand, uses low-intensity focused ultrasound to non-invasively stimulate deep
brain structures, showing promise in improving both motor function and cognition in PD patients. The other three
techniques, while still in early research stages, also hold significant promise for deep brain modulation and
broader clinical applications, potentially complementing existing treatment strategies. Despite these promising
findings, significant challenges remain in translating these techniques into clinical practice. The heterogeneous
nature of PD, characterized by variable disease progression and individualized treatment responses, necessitates
flexible protocols tailored to each patient’s unique needs. Additionally, a comprehensive understanding of the
mechanisms underlying these treatments is crucial for refining protocols and maximizing their therapeutic
potential. Personalized medicine approaches, such as the integration of neuroimaging and biomarkers, will be
pivotal in customizing stimulation parameters to optimize efficacy. Furthermore, while early-stage clinical trials
have reported improvements in certain symptoms, long-term efficacy and safety data are limited. To validate these
techniques, large-scale, multi-center, randomized controlled trials are essential. Parallel advancements in device
design, including the development of portable and cost-effective systems, will improve patient access and
adherence to treatment protocols. Combining non-invasive DBS with other interventions, such as pharmacological
treatments and physical therapy, could also provide a more comprehensive and synergistic approach to managing
PD. In conclusion, non-invasive deep brain stimulation techniques represent a promising frontier in the treatment
of Parkinson’s disease. While they have demonstrated considerable potential in improving symptoms and
restoring neural function, further research is needed to refine protocols, validate long-term outcomes, and
optimize clinical applications. With ongoing technological and scientific advancements, these methods could offer
PD patients safer, more effective, and personalized treatment options, ultimately improving their quality of life

and reducing the societal burden of the disease.
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