
Brain ConfluxReview Article

https://doi.org/10.71321/qwdy0v52

© 2026 Published by Life Conflux Press Limited. All rights reserved. B. Conflux. Vol. 1, No. 4 (2026)

Deep Brain Stimulation for Parkinson’s Disease: A Comprehensive Review 
of Efficacy, Influencing Factors, and Future Directions

Authors
Shu Wang, Xianze Li, Rujin Wang, Ruoyu Ma, Anchao Yang, Fangang Meng, Jianguo Zhang

Graphical Abstract

Correspondence
wangshu.cn@outlook.com (S. Wang)



Deep Brain Stimulation for Parkinson’s Disease: A Comprehensive Review 
of Efficacy, Influencing Factors, and Future Directions

Brain ConfluxReview Article

Shu Wang 1* , Xianze Li 1 , Rujin Wang 1 , Ruoyu Ma 1 , Anchao Yang 1 , Fangang Meng 1,2,3 , Jianguo Zhang 1,2,3

Received: 2026-01-08丨 Accepted: 2026-03-10丨 Published online: 2026-03-30

Abstract

Deep Brain Stimulation (DBS) is a well-established surgical therapy for advanced Parkinson’s disease (PD), effectively alleviating motor symptoms 
and complications associated with long-term levodopa treatment. This review provides a comprehensive synthesis of current evidence, analyz-
ing the efficacy of the two primary targets, the subthalamic nucleus (STN) and the globus pallidus internus (GPi), on both motor and non-motor 
symptoms. While STN-DBS allows significant medication reduction and GPi-DBS may better manage dyskinesias and axial symptoms, outcomes 
are highly dependent on careful patient selection. Key prognostic factors include preoperative levodopa responsiveness, disease duration, motor 
phenotype, and cognitive status. The review also critically evaluates technological advancements, such as adaptive closed-loop systems and 
novel targets, which aim to personalize therapy and address treatment-resistant symptoms. Ultimately, DBS represents a transformative interven-
tion whose success hinges on integrated clinical decision-making and continued innovation.
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder after Alzheimer’s disease, imposing 
a significant and growing burden on global health systems 
[1-3]. Its core pathological hallmark is the degeneration of 
dopaminergic neurons in the substantia nigra pars compacta, 
leading to dopamine depletion in the striatum and consequent 
dysfunction of the cortico-basal ganglia-thalamocortical loops 
[4-6]. Clinically, PD manifests cardinal motor symptoms includ-
ing tremor at rest, bradykinesia, rigidity, and, as the disease 
evolves, postural instability and gait disturbances [7-8]. The 
introduction of levodopa in the 1960s revolutionized PD treat-
ment, providing remarkable symptomatic relief [9-11]. How-
ever, long-term levodopa therapy is inevitably complicated by 
the development of motor fluctuations (the “wearing-off” and 
“on-off” phenomena) and levodopa-induced dyskinesias (LID), 
which severely impair quality of life [10, 12-13].
For patients with these advanced, medication-refractory com-
plications, Deep Brain Stimulation (DBS) has become a stan-
dard of care [14-16]. DBS involves the stereotactic implanta-

tion of electrodes into specific deep brain nuclei, connected to 
a subcutaneous implantable pulse generator that delivers con-
tinuous high-frequency electrical stimulation [17-19]. Since its 
widespread adoption in the late 1990s, DBS has demonstrated 
robust, long-term efficacy in ameliorating motor symptoms, 
reducing motor complications, and decreasing medication 
requirements [20-21]. The two primary and most validated tar-
gets for PD are the subthalamic nucleus (STN) and the globus 
pallidus internus (GPi), each with a distinct profile of benefits 
and potential side effects [22-23].
The objective of this review is to provide a comprehensive 
and systematic analysis of the current state of DBS for PD. 
It will synthesize evidence on the efficacy of DBS across the 
spectrum of motor and non-motor symptoms, delve into the 
critical patient and disease characteristics that predict surgi-
cal outcomes, and offer a critical evaluation of technological 
advancements and future research trajectories. By moving be-
yond a mere cataloging of effects to a nuanced discussion of 
mechanisms, predictors, and evolving paradigms, this review 
aims to consolidate knowledge for clinicians and researchers, 
and to identify key areas where further investigation is needed 
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to optimize this powerful neuromodulation therapy (Figure 1).

Figure 1. Clinical decision pathway and technological evolution of 
deep brain stimulation (DBS) in Parkinson’s disease (PD). This sche-
matic summarizes the integrated process from patient selection to 
long‑term management. 
Patient Selection Criteria: highlights essential preoperative predictors 
of favorable outcome, including robust levodopa responsiveness, 
shorter disease duration, and younger age. Target Selection: contrasts 
the principal surgical targets as subthalamic nucleus (STN) and glo-
bus pallidus internus (GPi) based on their distinct benefit‑risk profiles. 
Technological Approaches: outlines available stimulation strategies, 
from conventional open‑loop to adaptive closed‑loop and directional 
steering systems. Outcome Assessment: encompasses both motor 
and non‑motor domains, reflecting the multidimensional impact of 
DBS. Future Directions: points toward personalized therapy, novel 
targets, and next‑generation devices that aim to broaden efficacy and 
accessibility.

Efficacy of DBS on Motor Symptoms

The therapeutic impact of DBS on the major motor features of 
PD is well-documented and constitutes the primary rationale 

Aspect STN-DBS GPi-DBS

Primary Motor Benefits
Significant reduction in tremor, rigidity, bradyki-
nesia; marked decrease in daily “off” time.

Comparable tremor control; strong direct 
antidyskinetic effect; potentially better 
for axial symptoms.

Levodopa Reduction
Often allows 30–50% reduction in dopaminer-
gic medication.

Usually does not permit major medi-
cation reduction; controls dyskinesias 
directly.

Non-Motor Effects
May improve depression; risk of apathy, mild 
decline in verbal fluency/executive function; 
possible daytime sleepiness.

Generally neutral or slightly positive 
mood profile; minimal cognitive adverse 
effects.

Ideal Candidate Profile
Younger age, good levodopa response, trem-
or-dominant subtype, need for medication 
reduction.

Significant dyskinesias, axial symptoms, 
cognitive concerns, older patients.

Key Considerations
Requires careful neuropsychological screening; 
postoperative apathy management; battery life 
extended with adaptive systems.

Less medication flexibility; may be 
preferable in patients with mild cognitive 
impairment or psychiatric vulnerability.

Table 1. Comparative overview of STN-DBS and GPi-DBS in Parkinson’s disease.

for its use [12, 24]. The magnitude of improvement, however, 
varies by symptoms and targets (Table 1).
To appreciate the differential effects of stimulating these two 
nuclei, a basic understanding of basal ganglia circuitry is es-
sential. The basal ganglia are organized into parallel, function-
ally segregated loops that modulate cortical activity [4]. Within 
the motor loop, the striatum (putamen) receives cortical input 
and projects to the output nuclei as GPi and substantia nigra 
pars reticulata (SNr) via two main pathways: the direct and 
indirect pathways. The direct pathway, which facilitates move-
ment, involves monosynaptic inhibitory projections from the 
striatum to the GPi/SNr. The indirect pathway, which suppress-
es unwanted movement, is a polysynaptic circuit involving the 
globus pallidus externus (GPe) and the STN [22].
The STN is a small, glutamatergic nucleus strategically posi-
tioned as a key driver of the indirect pathway. Excitatory output 
from the STN to the GPi/SNr serves to inhibit thalamocortical 
projections, thereby suppressing movement [36]. In PD, do-
paminergic depletion in the striatum leads to overactivity of 
the STN, resulting in excessive excitatory drive to the GPi/SNr 
and pathological inhibition of the thalamus and cortex, which 
manifests as bradykinesia and rigidity [4]. In contrast, the GPi 
is the primary output nucleus of the basal ganglia, integrating 
inputs from both the direct and indirect pathways to send in-
hibitory signals to the thalamus [23]. In the parkinsonian state, 
GPi neurons exhibit abnormally high and burst-like firing rates, 
contributing to the same net inhibitory effect on thalamocorti-
cal circuits. Thus, while both nuclei become hyperactive in PD, 
the STN functions as a driving force within the indirect path-
way, whereas the GPi serves as a final common output. This 
distinction as STN acts modulator of network drive and GPi as 
a regulator of final output provides a neurobiological rationale 
for the observed clinical differences: STN-DBS may achieve 
its marked levodopa-sparing effect by directly modulating a 
key node in the indirect pathway, while GPi-DBS might more di-
rectly control dyskinesias by normalizing the abnormal output 
patterns that generate these involuntary movements.

A

A
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Resting Tremor
Resting tremor, often the most recognizable sign of PD [6], is 
exquisitely responsive to DBS [15]. STN is considered the tar-
get of choice for comprehensive symptom control, including 
tremor [25-26]. STN-DBS produces rapid and dramatic tremor 
suppression, with 70-90% of patients experiencing signifi-
cant relief immediately after surgery [17, 27]. This effect is 
remarkably durable, with studies reporting sustained benefit 
in 60-70% of patients after more than five years [20-21]. The 
mechanism is thought to involve the disruption of pathological 
oscillatory activity within the cerebello-thalamo-cortical circuit 
[28-30]. GPi-DBS also provides substantial tremor control, with 
reported efficacy rates of 60-80%, and some meta-analyses 
suggest comparable effects between STN and GPi for tremor 
suppression [23, 26]. For patients with severe, medication-re-
fractory tremor as the dominant symptom, the ventral interme-
diate nucleus (Vim) of the thalamus can be used either alone 
or in combination with other targets (e.g., GPi plus Vim) to 
achieve superior tremor control, though it offers less benefit 
for other PD features like bradykinesia and rigidity [31-33].

Rigidity and Bradykinesia
Rigidity and bradykinesia are core symptoms that profoundly 
affect manual dexterity and movement initiation [34]. Both 
STN-DBS and GPi-DBS produce major improvements in these 
domains [15]. STN-DBS typically leads to a 40-60% reduction in 
limb rigidity scores on standardized scales like the UPDRS-III 
[22]. Bradykinesia, assessed through tasks like finger tapping, 
shows improvement with increased movement speed of 20-
40% [17]. These effects are frequency-dependent, with stimula-
tion above 130 Hz generally providing optimal results [35]. The 
underlying mechanism involves the modulation of the hyperdi-
rect and indirect pathways, normalizing the excessive inhibito-
ry output from the basal ganglia to thalamocortical projections 
[36-37]. GPi-DBS demonstrates broadly similar efficacy for 
rigidity and bradykinesia, though its mechanism is centered on 
direct modulation of the output nucleus of the basal ganglia 
[38]. The choice between targets for these symptoms is often 
influenced by other factors, such as the need for medication 
reduction or the presence of dyskinesias [15].

Postural Instability and Gait Disorders
Axial symptoms, including postural instability, freezing of gait 
(FOG), and festination, represent a major therapeutic challenge 
in advanced PD and are less predictably improved by DBS [39-
40]. In the short to medium term (1-2 years), STN-DBS can 
provide meaningful benefit, reducing FOG episodes by 30-50% 
and improving gait speed [39-40]. However, its effect on pos-
tural reflexes is modest (20-30% improvement), and long-term 
studies indicate that the risk of falls often returns to baseline 
after five years, suggesting DBS does not halt the underlying 
neurodegenerative progression in brainstem locomotor cen-
ters [41]. GPi-DBS may offer a slight advantage over STN-DBS 
in maintaining postural stability, potentially due to differential 
effects on brainstem circuits [42-43]. To address this critical 
unmet need, novel targets are being explored. Low-frequency 
stimulation (60-80 Hz) of the STN or dedicated stimulation of 
the pedunculopontine nucleus (PPN), a key node in the mes-
encephalic locomotor region, has shown promise in further 
improving gait and balance, particularly FOG [44-45]. Innova-
tive paradigms like variable-frequency stimulation, alternating 

between high and low frequencies, are under investigation to 
provide balanced improvement across all symptom domains 
[46-47].

Motor Complications
One of the most significant benefits of DBS is its ability to mit-
igate the long-term complications of levodopa therapy. DBS 
dramatically smooths out motor fluctuations. STN-DBS can 
reduce daily “off” time by approximately 50% and increase “on” 
time without troublesome dyskinesias by 3-4 hours per day [15, 
48]. This is achieved through a combination of direct symp-
tom control and the subsequent ability to significantly reduce 
dopaminergic medication (often by 30-50%) [49-50]. GPi-DBS 
also effectively increases “on” time, even without substantial 
medication reduction, by directly modulating the basal ganglia 
output [23].
Regarding levodopa-induced dyskinesias (LID), the two tar-
gets act through different mechanisms. GPi-DBS has a direct 
anti-dyskinetic effect, often reducing LID severity by over 50% 
shortly after activation, likely by suppressing the abnormal 
pallidal output driving dyskinetic movements [23]. STN-DBS 
primarily reduces LID indirectly by enabling major medication 
reduction, though some studies suggest a direct suppressive 
effect, especially when stimulating dorsal regions of the STN 
[51].

Combined Pharmacotherapy and DBS
While DBS markedly reduces motor fluctuations and levodo-
pa-induced dyskinesias, it does not completely obviate the 
need for pharmacotherapy in most patients. Postoperative 
medication management is a nuanced process that must be 
individualized based on the stimulation target and the patient’s 
clinical response. For patients undergoing STN-DBS, the sig-
nificant levodopa-sparing effect (typically 30-50% reduction) 
is a key advantage, allowing for substantial dose reduction of 
dopaminergic drugs to minimize side effects such as impulse 
control disorders and dopaminergic psychosis [49-50]. Howev-
er, complete withdrawal is rarely advisable, as a baseline level 
of dopaminergic tone may be necessary to support non-motor 
functions and mood, and abrupt cessation can precipitate 
apathy or depression. In contrast, patients with GPi-DBS often 
require maintenance of their preoperative medication levels 
to achieve optimal motor benefit, as this target has less direct 
impact on medication requirements [23, 38]. 
Beyond dopaminergic drugs, the role of adjunctive medications 
remains important. For axial symptoms like freezing of gait 
that may persist or emerge despite optimal DBS and levodopa 
adjustment, agents such as MAO-B inhibitors (e.g., rasagiline) 
or amantadine can provide additional benefit [40, 47]. Further-
more, the management of non-motor symptoms, including 
depression, anxiety, and sleep disturbances, frequently neces-
sitates the use of antidepressants, anxiolytics, or hypnotics 
in conjunction with DBS. The interaction between stimulation 
parameters and drug pharmacokinetics/pharmacodynamics is 
an area of ongoing investigation, with emerging evidence sug-
gesting that closed-loop DBS systems may eventually enable 
real-time, automated coordination with medication cycles to 
further smooth out symptom fluctuations. Thus, DBS should 
be conceptualized not as a replacement for pharmacotherapy 
but as a powerful adjunct that, when optimally combined with 
medications, offers the best chance for comprehensive symp-
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tom control in advanced PD.

Impact of DBS on Non-Motor Symptoms
The effects of DBS extend beyond the motor system, influ-
encing neuropsychiatric, cognitive, and sleep domains. These 
non-motor outcomes are complex, variable, and critically im-
portant for overall patient well-being [52].

Neuropsychiatric Symptoms
DBS exerts nuanced effects on mood and behavior, heavily 
influenced by the stimulation target. STN-DBS can lead to 
improvements in depressive symptoms in many patients, po-
tentially linked to the modulation of limbic circuits adjacent 
to the motor STN [53]. However, in 5-10% of cases, it can in-
duce or exacerbate depression, possibly via interference with 
serotonergic projections [54]. GPi-DBS generally has a more 
neutral or slightly positive profile regarding mood [54]. Anxiety 
symptoms often improve with stimulation of either target, cor-
relating with both direct neuromodulation and the secondary 
psychological benefit of improved motor function [53, 55]. A 
significant concern is the development of apathy, which can 
occur post-STN-DBS, potentially related to rapid dopamine ag-
onist withdrawal or direct effects on motivational circuits [56]. 
Careful postoperative medication management and parameter 
adjustment are essential to mitigate these psychiatric risks 
[57].

Cognitive Function
The cognitive consequences of DBS are a critical consider-
ation in patient selection and postoperative management [58]. 
STN-DBS is associated with mild but measurable declines in 
specific cognitive domains, particularly verbal fluency and ex-
ecutive functions (e.g., set-shifting, response inhibition), with 
meta-analyses confirming small-to-moderate effect sizes [54, 
59]. These changes are more pronounced with bilateral stimu-
lation and are thought to arise from multiple mechanisms.
A growing body of evidence implicates current spread from 
the motor territory of the STN to its adjacent associative and 
limbic subdivisions, which are involved in cognitive and emo-
tional processing [60]. The STN is anatomically and functional-
ly divided into three territories: the dorsolateral motor portion, 
the ventromedial associative portion, and the medial limbic 
portion. High-frequency stimulation optimized for motor symp-
tom control may inadvertently modulate neurons or passing 
fibers within these non-motor territories, disrupting cognitive 
networks [60]. This is supported by diffusion tensor imaging 
studies showing that stimulation volumes intersecting with 
hyperdirect pathways from prefrontal cortex correlate with ex-
ecutive function declines.
Recent advances in resting-state functional MRI have provided 
deeper insights into the network-level effects of DBS. A pivotal 
study by Luo et al. demonstrated that cognitive decline fol-
lowing STN-DBS is associated with a widespread reduction in 
functional connectivity within cognitive-related brain networks, 
particularly the default mode network (DMN) and frontopari-
etal executive network [61]. Using preoperative and postoper-
ative resting-state fMRI in patients with Parkinson's disease, 
the authors showed that individuals who exhibited significant 
cognitive deterioration at 12 months post-surgery had demon-
strated greater stimulation-induced decreases in connectivity 
between the posterior cingulate cortex (a key DMN hub) and 

lateral prefrontal regions. Furthermore, the degree of connec-
tivity reduction correlated with the magnitude of decline on 
neuropsychological tests of attention and executive function. 
This network-level mechanism suggests that DBS exerts its 
cognitive effects not merely through local modulation of the 
STN, but through broader disruption of large-scale brain net-
works that support cognitive processing.
Patient-specific factors significantly modulate this risk. Indi-
viduals with pre-existing mild cognitive impairment (MCI) are 
particularly vulnerable, likely due to reduced cognitive reserve 
and already-compromised network integrity [62-63]. Longitudi-
nal studies indicate that while DBS itself does not increase the 
rate of conversion to dementia compared to the natural history 
of PD, patients with MCI at the time of surgery have a higher 
probability of progressing to dementia than non-operated 
patients with similar baseline cognitive status [62]. This under-
scores the necessity of rigorous preoperative neuropsycholog-
ical screening to identify at-risk individuals.
In contrast, GPi-DBS appears to have a more favorable cog-
nitive profile, with meta-analyses showing minimal negative 
impact and possible improvement in some executive tasks 
[52, 58]. This difference may reflect the anatomical position of 
the GPi as a downstream output nucleus, where stimulation 
effects are more confined to motor circuits with less spread to 
associative networks. Alternatively, the absence of a medica-
tion-sparing effect with GPi-DBS means that patients maintain 
their dopaminergic therapy, which may provide ongoing cog-
nitive support, as dopamine is known to modulate prefrontal 
cortical function.

Sleep and Alertness
DBS can positively influence sleep architecture, primarily by 
alleviating nocturnal akinesia, pain, and tremor, thereby im-
proving sleep continuity and increasing deep sleep (N3 stage) 
duration [64-65]. STN-DBS has been shown to reduce the 
severity of restless legs syndrome (RLS) in PD patients [66]. 
Its effect on REM sleep behavior disorder (RBD) is less clear, 
with studies reporting partial improvement in dream-enact-
ment behaviors but persistence of abnormal muscle activity 
[67-68]. A notable side effect is the potential for STN-DBS to 
induce or exacerbate daytime sleepiness, possibly via inhibi-
tion of wake-promoting hypothalamic nuclei [69-70]. GPi-DBS’s 
effects on specific sleep disorders like RLS and RBD are less 
studied but may follow a similar pattern of benefit driven by 
overall symptom improvement [64].

Prognostic Factors and Patient Selection

The success of DBS is not uniform; it is highly contingent on 
appropriate patient selection. Identifying robust predictors of 
outcome is paramount for maximizing benefit and minimizing 
risk [71-72].

Levodopa Responsiveness
A positive response to a preoperative levodopa challenge test 
is the strongest independent predictor of favorable motor out-
come after DBS [71-72]. An improvement of ≥30% in the UP-
DRS-III motor score during the “on” medication state is widely 
used as a key inclusion criterion [15, 16, 22]. This response in-
dicates the presence of a functional dopaminergic system and 
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suggests that the patient’s disability is primarily due to dopa-
minergic deficiency rather than unresponsive non-dopaminer-
gic pathology (e.g., widespread Lewy body disease affecting 
cholinergic or noradrenergic systems) [72]. While predictive 
of excellent short- and medium-term outcomes, the predictive 
value of the levodopa test may diminish for very long-term 
prognosis (>5 years) as non-dopaminergic symptoms emerge 
[73].

Disease Duration and Age at Surgery
Shorter disease duration is consistently associated with supe-
rior and more durable motor outcomes after DBS [71]. Patients 
with advanced disease and long duration (>10 years) often 
have significant involvement of non-dopaminergic systems 
(e.g., pedunculopontine nucleus, locus coeruleus), leading to 
axial symptoms, cognitive impairment, and autonomic dys-
function that are less amenable to DBS [74-75]. Consequently, 
there is a growing trend toward considering DBS at an earlier 
stage, once troublesome motor complications emerge, to pre-
serve quality of life and possibly achieve better long-term func-
tional outcomes [76].
Younger age at surgery is another favorable prognostic factor, 
linked to greater neural plasticity, better tolerance of stimula-
tion, a lower burden of comorbidities, and a longer horizon to 
benefit from the therapy [75-76]. Older patients (>70-75 years) 
may have reduced surgical and cognitive reserve, higher rates 
of brain atrophy (increasing surgical risk), and more vascular 
comorbidities (e.g., leukoaraiosis), which can limit DBS effica-
cy and increase perioperative complication rates [77-78].

Motor Phenotype
The predominant preoperative motor phenotype influences 
DBS outcome [72]. The “tremor-dominant” subtype is associat-
ed with excellent and sustained response to both STN and GPi 
DBS [79]. In contrast, patients with the “postural instability/gait 
difficulty” (PIGD) phenotype typically experience less robust 
and less durable improvement, particularly for their axial symp-
toms [80]. This subtype is also linked to faster disease pro-
gression and higher prevalence of cognitive decline [81]. These 
differences suggest underlying variations in the topographic 
spread of pathology and neurochemical deficits among PD 
subtypes [80-81].
An emerging conceptual framework with potential relevance to 
DBS outcomes is the classification of PD into “brain-first” and 
“body-first” subtypes based on the initial site of α-synuclein 
pathology accumulation. Although direct evidence examining 
DBS outcomes stratified by these subtypes is currently limit-
ed, theoretical considerations suggest possible differences in 
treatment response. Patients with the body-first subtype, char-
acterized by earlier and more RBD and greater brainstem pa-
thology [68], may be predisposed to persistent axial symptoms 
post-DBS due to greater involvement of non-dopaminergic 
brainstem locomotor centers such as the pedunculopontine 
nucleus [39, 44]. Conversely, brain-first patients, who have a 
higher propensity for cognitive decline and neuropsychiatric 
features, may face increased risks of postoperative cognitive 
deterioration if stimulation spreads to non-motor territories 
[61-62]. This framework highlights the importance of assess-
ing non-motor features, particularly RBD and cognitive status, 
when counseling patients about expected outcomes, and 
prospective studies incorporating these variables are needed 

to formally test whether this classification can refine patient 
selection.

Cognitive and Psychiatric Baseline
Preoperative cognitive status is a critical determinant of 
postoperative outcome and risk [59]. Significant cognitive im-
pairment or dementia is a contraindication to DBS, as surgery 
can worsen cognition and does not improve functional inde-
pendence in this population [52]. The presence of MCI neces-
sitates careful counseling, as it increases the risk of further 
decline [59, 63]. Similarly, active, untreated major depression, 
anxiety, or psychosis are contraindications, as DBS can exac-
erbate these conditions [15, 16, 22]. Stable, well-managed psy-
chiatric disorders require close multidisciplinary management 
perioperatively [52, 58].

Technological Developments and Future Di-
rections

The field of DBS is rapidly evolving beyond traditional, con-
stant-parameter (“open-loop”) stimulation [82-83].

Adaptive or Closed-Loop DBS (aDBS)
aDBS represents a paradigm shift. Instead of delivering fixed 
stimulation, aDBS systems use implanted sensors to record lo-
cal field potential (LFP) [84-85], such as beta-band oscillations 
from the STN, which correlate with motor symptom severity 
[86]. The stimulator then automatically adjusts its output in re-
al-time based on this neural feedback [87]. Early clinical stud-
ies show that aDBS can provide equivalent or superior symp-
tom control compared to conventional DBS while significantly 
reducing total stimulation energy delivery, potentially extending 
battery life and reducing stimulation-induced side effects [88-
89].

Directional Steering and Current Fractionation
Modern DBS leads with multiple segmented contacts allow for 
“directional” steering of the electrical field [90]. This enables 
clinicians to shape the volume of tissue activated, more pre-
cisely targeting the therapeutic zone while avoiding stimula-
tion of adjacent structures responsible for side effects (e.g., 
corticospinal tract causing muscle contractions, medial limbic 
STN affecting mood) [91]. This technology enhances the thera-
peutic window and allows for more personalized programming 
[92].

Novel Targets and Multi-Target Stimulation
To address therapy-resistant symptoms, new targets are be-
ing investigated. As mentioned, PPN stimulation for gait and 
balance is a primary focus [44, 93]. The substantia nigra pars 
reticulata (SNr) and the zona incerta are also being explored 
[31]. Furthermore, the simultaneous use of two targets (e.g., 
STN plus PPN, GPi plus Vim) in a single patient via a single or 
dual generator system is being studied to provide a broader 
spectrum of symptom control [32].

Future Research and Critical Perspectives
Despite its established efficacy, several critical questions re-
main. Long-term (>10 year) outcomes data, especially regard-
ing the evolution of non-motor symptoms and quality of life, 
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are still maturing [21]. The optimal timing of DBS intervention 
is an area of active debate and ongoing clinical trials (e.g., 
the EARLYSTIM study extension) in balancing early benefits 
against surgical risks and natural disease progression [71, 76]. 
Further refinement of patient selection biomarkers, beyond 
clinical assessments, using neuroimaging, genetics, and elec-
trophysiology, is needed [72]. Finally, the cost-effectiveness 
and accessibility of DBS, along with the development of even 
less invasive neuromodulation techniques, will be crucial for 
broadening its global impact [14].

Conclusion

Deep Brain Stimulation has irrevocably changed the treatment 
landscape for advanced PD. It is a highly effective therapy 
for ameliorating levodopa-responsive motor symptoms and 
reducing debilitating motor complications, with proven long-
term benefits. The choice between STN and GPi involves a nu-
anced trade-off, considering desired medication reduction, the 
profile of motor symptoms (especially axial features), and the 
patient’s cognitive and psychiatric status. The non-motor ef-
fects of DBS are multifaceted and necessitate comprehensive 
preoperative assessment and postoperative management. The 
robustness of the outcome is heavily dependent on careful 
patient selection, with preoperative levodopa responsiveness, 
disease duration, phenotype, and cognitive/psychiatric health 
serving as key prognosticators.
The future of DBS lies in personalization and technological so-
phistication. Adaptive closed-loop systems, directional leads, 
and exploration of novel targets promise to enhance efficacy, 
reduce side effects, and tackle currently unmet needs like gait 
freezing. As research continues to refine patient selection 
criteria and stimulation strategies, DBS will solidify its role not 
merely as a last-resort intervention, but as an integral com-
ponent of a personalized, staged therapeutic strategy for PD, 
aimed at preserving function and quality of life throughout the 
course of the disease.
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