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Neurological diseases, ranging from Parkinson’s and epilepsy to chronic pain and depression,
remain a major medical challenge, often resistant to conventional pharmacological treatments.
Emerging evidence suggests that alternative modalities such as light, electricity, and sound
can modulate neural circuits, offering promising strategies to “switch off”’ pathological activity.
Phototherapy and optogenetics allow targeted neuronal activation or inhibition using
light-sensitive proteins, while electrical stimulation—including deep brain stimulation and
transcranial direct current stimulation—modulates neural excitability and network dynamics.
Similarly, sound-based approaches, including focused ultrasound and vibrotactile neuromod-
ulation, influence brain activity non-invasively. This article examines the comparative potential
of these modalities, highlighting their mechanisms, advantages, and limitations in managing
neurological disorders. While each technique shows promise, their optimal application may
involve complementary strategies tailored to disease-specific circuits. Advancing these inter-
ventions requires rigorous research, ethical considerations, and translational studies to har-
ness the full potential of light, electricity, and sound in restoring neurological health.
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EUROLOGICAL diseases affect millions worldwide, relief for many patients, numerous disorders remain refractory to
often impairing motor function, cognition, mood, and  conventional treatments (World Health Organization, 2022). In
quality of life. While pharmaceuticals have provided recent decades, alternative modalities—light, electricity, and
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sound—have emerged as powerful tools to directly modulate
neural circuits. These interventions leverage the brain’s inherent
electrical and mechanical properties to restore balance, suppress
pathological activity, and potentially “switch off” neurological
disease states (Alim-Louis Benabid et al., 2009). Understanding
their mechanisms, advantages, and limitations is crucial to eval-
uating their role in contemporary and future neurology.

Light-based approaches, particularly optogenetics, have
revolutionized experimental neuroscience. Optogenetics com-
bines genetic manipulation with precise light delivery to control
neuronal activity with millisecond precision (Karl Deisseroth,
2015). By introducing light-sensitive ion channels into specific
neurons, researchers can selectively activate or inhibit targeted
circuits. In preclinical models, optogenetics has been used to
suppress epileptic seizures, restore motor function in Parkin-
sonian models, and modulate mood-related circuits implicated in
depression (Deisseroth, 2015; Yizhar et al., 2011). Beyond
optogenetics, photobiomodulation—using red or near-infrared
light—has shown potential to improve mitochondrial function,
reduce inflammation, and enhance neuroplasticity (Hamblin,
2016). While highly precise, translation to human therapy re-
mains limited due to delivery challenges and the need for genet-
ic modification.

Electrical neuromodulation represents one of the most es-
tablished clinical strategies. Deep brain stimulation (DBS) has
demonstrated remarkable efficacy in Parkinson’s disease, essen-
tial tremor, and dystonia by delivering controlled electrical
pulses to specific brain regions (Alim-Louis Benabid et al.,
2009). Non-invasive techniques such as transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation
(tDCS) can modulate cortical excitability and enhance neuro-
plasticity (Mark S. George et al., 2010). These methods are
widely used in depression, stroke rehabilitation, and chronic
pain. Electrical stimulation’s primary strength lies in its proven
clinical efficacy, although invasiveness, variability in response,
and side effects remain limitations.

Sound-based neuromodulation is a newer but rapidly ad-
vancing modality. Focused ultrasound enables non-invasive
delivery of acoustic energy to deep brain structures, modulating
neuronal activity without surgery (William J. Tyler, 2011).
Low-intensity ultrasound has been shown to alter neuronal ex-
citability, reduce seizure activity, and influence cognitive net-
works in preclinical studies (Tyler et al., 2018). Additionally,
auditory entrainment techniques can synchronize neural oscilla-
tions, potentially improving motor and cognitive functions.
While promising, sound-based approaches require further vali-
dation regarding safety, dosing, and long-term effects.

Comparing these modalities reveals distinct advantages
and limitations. Light-based interventions offer unmatched spa-
tial and temporal precision but face translational challenges.
Electrical approaches are clinically validated but may involve
surgical risks or inconsistent outcomes. Sound-based techniques
are non-invasive and capable of deep penetration, yet their
mechanisms remain under investigation (Fomenko et al., 2018).
The selection of modality depends on disease type, target speci-
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ficity, and patient tolerance, with increasing interest in combin-
ing modalities.

Mechanistically, these approaches converge on modulating
dysfunctional neural circuits. Light directly controls ion channel
activity or cellular metabolism. Electrical stimulation alters
membrane potentials and synchronizes neuronal firing. Sound
applies mechanical energy that activates mechanosensitive
pathways or entrains oscillatory networks (Tyler et al., 2018).
Despite differing mechanisms, all aim to restore functional net-
work dynamics and suppress pathological activity.

The treatment of epilepsy illustrates the complementary
potential of these modalities. Optogenetic studies demonstrate
precise suppression of seizure activity in animal models
(Krook-Magnuson et al., 2013). Clinically, DBS and vagus
nerve stimulation provide seizure reduction in refractory epi-
lepsy (Fisher et al., 2010). Focused ultrasound is under investi-
gation as a non-invasive alternative. Integration of these ap-
proaches may enable personalized neuromodulation strategies.

Parkinson’s disease further highlights modality-specific
advantages. DBS targeting the subthalamic nucleus remains the
gold standard for motor symptom control (Benabid et al., 2009).
Optogenetics has clarified the role of basal ganglia circuits in
motor dysfunction (Deisseroth, 2015). Focused ultrasound offers
potential for non-invasive modulation or lesioning of deep brain
structures (Fomenko et al., 2018). Together, these modalities
provide complementary insights and therapeutic avenues.

Cognitive and psychiatric disorders also benefit from neu-
romodulation. TMS and tDCS are effective in treat-
ment-resistant depression (George et al., 2010). Photobiomodu-
lation may enhance mitochondrial function and neuroplasticity
(Hamblin, 2016). Acoustic entrainment may further modulate
neural oscillations associated with mood regulation. Mul-
ti-modal approaches could enable broader and more effective
interventions.

Despite their promise, these technologies face challenges.
Light-based approaches require genetic targeting and precise
delivery. Electrical stimulation carries surgical risks and requires
careful calibration. Ultrasound must be optimized to avoid ad-
verse effects such as tissue heating or cavitation (Fomenko et al.,
2018). Ethical considerations include patient consent, neural
data privacy, and potential cognitive enhancement.

Future directions include closed-loop neuromodulation
systems that integrate real-time neural monitoring with adaptive
stimulation. Multi-modal approaches may combine the precision
of light, the reliability of electricity, and the non-invasive nature
of sound. Personalized treatments based on neuroimaging and
electrophysiology could transform care for refractory neurolog-
ical diseases.

In conclusion, light, electricity, and sound offer comple-
mentary strategies for modulating neural circuits. Light provides
precision, electricity offers proven clinical benefit, and sound
enables non-invasive deep-brain access. While challenges re-
main, integrating these modalities may represent the future of
neuromodulation, offering new hope for patients with complex
neurological disorders.m
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