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Abstract
Background: Parkinson's Disease (PD) is a progressive neurodegenerative disorder affecting over 10 million people globally, characterized by 
debilitating motor and non-motor symptoms.1 Deep Brain Stimulation (DBS) has emerged as a pivotal neurosurgical intervention for advanced PD 
refractory to pharmacotherapy, modulating aberrant neural activity in target regions like the subthalamic nucleus (STN) and globus pallidus interna 
(GPi).1 This review provides a comprehensive analysis of DBS in PD, encompassing its mechanisms, clinical efficacy, associated risks, comparative 
effectiveness, technological advancements, and global accessibility.

Methods: A systematic review of the literature was conducted, synthesizing evidence from randomized controlled trials, meta-analyses, and 
authoritative reviews on DBS for PD. Data were extracted regarding motor and non-motor symptom outcomes, quality of life, medication reduction, 
surgical and stimulation-related complications, comparative therapies, and emerging technologies. Special attention was paid to European 
implementation and accessibility data.

Results: DBS significantly improves motor symptoms (tremor, rigidity, bradykinesia), reduces medication dependency, and enhances quality of 
life in well-selected PD patients, with benefits sustained for over a decade.1 While primarily targeting motor symptoms, DBS can also positively 
influence certain non-motor symptoms like sleep and pain, though effects on cognition and some psychiatric aspects are variable and require 
careful patient selection.1 Surgical risks (e.g., hemorrhage, infection) and stimulation-induced side effects necessitate a multidisciplinary approach.1 

Emerging adaptive and closed-loop DBS systems promise enhanced precision, reduced side effects, and improved battery longevity by dynamically 
adjusting stimulation based on real-time brain signals.1 Despite Europe's leadership in DBS implementation, significant disparities in cost and 
accessibility persist across regions.1

Conclusion: DBS remains a transformative, yet complex, therapeutic option for advanced PD. Future advancements in adaptive technologies, 
personalized programming, and equitable global access are crucial to maximize its potential and improve outcomes for a broader patient population. 
Ongoing research into novel stimulation paradigms and biomarkers will further refine patient selection and optimize therapeutic benefits while 
minimizing adverse effects.
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1. Introduction

Parkinson's Disease (PD) is a chronic, progressive 

neurodegenerative disorder that impacts over 10 million 

individuals globally.1 The cardinal motor symptoms of 

PD—tremor, rigidity, bradykinesia (slowness of movement), 

and postural instability—are primarily attributed to the 

progressive degeneration of dopamine-producing neurons 

within the substantia nigra pars compacta (SNpc).1 This 

neuronal loss disrupts the intricate circuitry of the basal 

ganglia, leading to the characteristic motor dysfunction. 

Beyond these overt motor manifestations, PD is also 

associated with a wide spectrum of non-motor symptoms 

(NMS), which can include sleep disturbances, chronic pain, 

autonomic dysfunction (e.g., orthostatic hypotension), 

cognitive impairment, and various neuropsychiatric 

issues such as depression, anxiety, and impulse control 

disorders.1 These non-motor symptoms frequently exert 

a profound impact on patients' overall quality of life, 

often proving more debilitating than the motor symptoms 

themselves, particularly in advanced stages of the disease.8 

As PD progresses, the long-term use of levodopa, the 

cornerstone pharmacological treatment, often leads to 

the development of problematic motor fluctuations and 

dyskinesias, further complicating disease management.1

Deep Brain Stimulation (DBS) has emerged as a pivotal 

neurosurgical intervention for individuals with advanced PD 

whose symptoms are no longer adequately controlled by 

pharmacotherapy.1 This therapeutic modality involves the 

precise implantation of electrodes into specific deep brain 

regions to deliver controlled electrical impulses, thereby 

modulating aberrant neural activity and alleviating motor 

dysfunction.1 The evolution of DBS can be traced from 

earlier ablative surgical techniques, such as thalamotomy, 

offering a significant advantage by providing a reversible 

and adjustable alternative.1 Since its initial approval for 

Parkinson's tremor in 1997 and for advanced PD symptoms 

in 2002, DBS has continued to evolve, with its indications 

expanding to include earlier stages of PD in carefully 

selected patients who experience motor symptoms 

inadequately controlled by medication, even after four 

years of disease duration.24 Europe has consistently 

been at the forefront of both the clinical application and 

technological advancements in DBS.1

This comprehensive review aims to critically evaluate the 

current landscape of DBS for PD. It will systematically 

examine the underlying mechanisms of DBS, its 

demonstrated clinical efficacy across motor and non-motor 

domains, and the associated risks and complications. 

Furthermore, the analysis will provide a comparative 

perspective against existing and emerging alternative 

therapies. A significant objective is to explore the nuances 

of DBS implementation within the European context, 

highlighting leading clinical centers and cutting-edge 

technological innovations. Crucially, this review endeavors 

to synthesize the available evidence to identify compelling 

insights, pinpoint unresolved challenges in the field, and 

delineate promising future directions for research and 

clinical practice, including the potential of next-generation 

adaptive DBS systems and the imperative for equitable 

global access to this transformative therapy.

2. Mechanisms and Technical Aspects 
of Deep Brain Stimulation

Neurophysiological Basis of DBS in PD

Deep Brain Stimulation operates by implanting electrodes 

into specific brain targets, primarily the subthalamic 

nucleus (STN) or the globus pallidus interna (GPi), both 

integral components of the basal ganglia motor circuitry.1 

The selection of these targets is meticulously tailored 

to the patient's predominant symptom profile.1 The 

basal ganglia play a crucial role in the activation and 

inhibition of feedback loops that govern muscle tone, 

movement, timing, and coordination.2 In Parkinson's 

Disease, the progressive loss of dopaminergic neurons 

disrupts these delicate circuits, leading to the emergence 

of pathological neuronal oscillations, particularly in the 

beta-band frequency range (approximately 13-30 Hz).15 

These abnormal synchronized rhythms are believed 

to "jam" the normal flow of information within brain 

networks, contributing directly to the motor impairments 

characteristic of PD.26

While the precise mechanisms by which DBS exerts its 

therapeutic effects are still under active investigation 

and are considered complex, it is widely understood 

that the continuous electrical stimulation delivered by 

the electrodes works to normalize these aberrant brain 
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electrical activities.2 This normalization is thought to 

occur by disrupting the pathologically elevated and 

oversynchronized informational flow within the misfiring 

brain networks.31 Unlike ablative procedures that 

permanently destroy brain tissue, DBS is considered 

to mimic a functional lesion, with the key advantage of 

being reversible by simply turning off the device.2 The 

therapy typically involves delivering high-frequency 

electrical pulses, generally above 100 Hz, to restore more 

physiological brain rhythms.23

Surgical Procedure and Intraoperative Considerations

The DBS surgical procedure is typically performed using 

stereotactic techniques, which allow for highly precise 

targeting within the brain.2 A common approach involves 

performing the surgery with the patient awake, enabling 

real-time electrode adjustment and immediate assessment 

of symptom response to stimulation.1 The process begins 

with the attachment of a stereotactic frame to the patient's 

head, followed by high-resolution imaging, such as MRI 

or CT scans, to precisely pinpoint the three-dimensional 

coordinates of the target brain area.2 Small burr holes 

are then drilled in the skull to facilitate the insertion of 

the electrodes.2 During the procedure, microelectrode 

recording (MER) and macrostimulation are often employed 

to confirm the optimal lead position and to identify the 

most effective stimulation sites by observing immediate 

clinical responses and potential side effects.43

Once the electrodes (leads) are accurately positioned, they 

are connected to an extension wire. This wire is tunneled 

subcutaneously, typically from the head down to the 

chest, where it connects to a neurostimulator, also known 

as an Implantable Pulse Generator (IPG).1 The IPG, which 

functions similarly to a cardiac pacemaker, is implanted 

under the skin, usually below the collarbone.2 The entire 

surgical procedure typically lasts between 3 to 4 hours.2 

Following the implantation, the initial programming of the 

DBS system, involving the adjustment of parameters such 

as pulse width, frequency, and amplitude, is a complex 

process that often requires multiple sessions over 3 to 6 

months to achieve optimal therapeutic results.10

Evolution of DBS Hardware: From Constant Voltage to 
Constant Current, Directional, and Segmented Leads

The technological landscape of DBS hardware has 

undergone significant advancements, moving beyond 

the initial constant voltage stimulation systems. Newer 

generations of devices incorporate constant-current 

technology, which offers a theoretical advantage by 

maintaining a stable electrical field within the brain 

tissue. This stability is less susceptible to changes in 

tissue impedance over time, potentially leading to more 

consistent therapeutic effects.3

A notable progression in DBS technology is the 

development of directional and segmented leads. These 

innovative electrodes allow for a more precise and 

targeted steering of the electrical current. This capability 

enables clinicians to direct stimulation more effectively 

towards the intended neural targets while simultaneously 

minimizing unintended current spread to adjacent brain 

structures that could induce undesirable side effects.23 The 

ability to shape the volume of tissue activated (VTA) with 

greater precision can significantly widen the therapeutic 

window, meaning a larger margin between the current 

required for therapeutic benefit and the current that elicits 

side effects. This often translates to requiring less electrical 

power to achieve the desired clinical effect.31

The evolution of DBS hardware, particularly the shift 

towards constant current, directional, and segmented 

leads, represents a significant advancement in optimizing 

the therapeutic window and minimizing stimulation-

induced side effects. Historically, traditional DBS delivered 

continuous, fixed stimulation, which could be likened to 

a "blunt tool" due to its inability to dynamically adapt 

to the patient's fluctuating needs.12 This fixed approach 

often resulted in either overstimulation, leading to 

adverse effects, or under-stimulation, causing a return of 

symptoms.12 The development of constant-current devices, 

by providing a stable stimulation field, was a foundational 

step towards greater control.49 The subsequent 

introduction of directional and segmented leads has 

further refined this control, allowing for the precise 

"steering" of current.23 This enhanced precision enables 

clinicians to target the specific beneficial brain areas more 
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frequently experience a significant increase in their "ON" 

time without troublesome dyskinesia, with reported 

gains averaging 4.5 to 4.6 hours per day.62 This extended 

period of good motor control dramatically improves daily 

functioning and overall quality of life.

Quantitative assessment of motor symptom improvement 

is typically performed using standardized scales such as 

the Unified Parkinson's Disease Rating Scale (UPDRS) 

and its updated version, the Movement Disorder Society-

Unified Parkinson's Disease Rating Scale (MDS-UPDRS).4 

Studies consistently report significant improvements in 

UPDRS-III (motor examination) scores, with reductions 

ranging from 25% to 57%.5 Furthermore, MDS-UPDRS 

Part IV, which specifically evaluates motor complications 

like dyskinesia and motor fluctuations, shows substantial 

improvements following DBS.4

The sustained long-term motor benefits of DBS, 

particularly in reducing dyskinesia and "off" periods, 

underscore its role not merely as a symptomatic 

treatment but as a critical intervention for maintaining 

functional independence and mitigating medication-

related complications over the disease course. The 

initial observation is that DBS provides significant motor 

symptom relief and reduces medication dependency.1 A 

deeper examination of long-term data reveals persistent 

effects on motor complications and appendicular 

levodopa-responsive motor signs for 8 to 11 years, 

with some benefits extending beyond 15 years.3 This 

quantitative impact, such as patients gaining several 

hours per day of "on" time without troubling dyskinesia 
62, directly translates into improved daily functioning. This 

long-term efficacy indicates that DBS fundamentally alters 

the trajectory of advanced PD management, enabling 

patients to retain a higher quality of life and functional 

autonomy for extended periods compared to relying solely 

on medication. This significantly reduces the cumulative 

burden of disease progression and the adverse effects 

associated with long-term pharmacological treatment, 

positioning DBS as a durable and impactful long-

term management strategy that reshapes the patient's 

experience of the disease.

effectively while actively avoiding adjacent structures 

that could trigger side effects.27 The ability to widen the 

therapeutic window through such targeted stimulation 

is crucial for improving patient comfort and maximizing 

the benefits of the therapy. This technological trajectory 

signifies a profound shift from a generalized symptom 

management approach to highly individualized, adaptive 

neuromodulation. This progression is fundamental to 

improving patient quality of life and expanding the 

applicability of DBS to a broader range of patients with 

varying symptom profiles and sensitivities.

Beyond these functional improvements, modern DBS 

devices are also designed with enhanced practical 

features. Many are now MRI-compatible, allowing 

patients to safely undergo essential diagnostic imaging.23 

Furthermore, advancements in battery technology have 

led to the development of rechargeable IPGs, which can 

extend device longevity significantly, potentially up to 

15 years, thereby reducing the need for frequent battery 

replacement surgeries.23 These newer devices are also 

generally smaller and more ergonomically designed, 

contributing to increased patient comfort.27

3. Clinical Efficacy of DBS in Parkinson's 
Disease

3.1. Motor Symptom Management

Deep Brain Stimulation has consistently demonstrated 

remarkable efficacy in ameliorating the cardinal motor 

symptoms of Parkinson's Disease. Studies report significant 

improvements in tremor, rigidity, and bradykinesia, with 

reported reductions in severity ranging from 50% to 80%.1 

Specifically, subthalamic nucleus (STN) DBS has been 

shown to sustain these motor benefits for over five years, 

often outperforming optimal medical therapy during "off" 

periods when medication effects wane.1

A major strength of DBS lies in its profound impact on 

medication-related motor complications. It is highly 

effective in reducing both levodopa-induced dyskinesias 

(involuntary movements) and motor fluctuations, which 

are the unpredictable shifts between "on" (good 

motor control) and "off" (symptomatic) states.1 Patients 
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Study/
Reference

Patient 
Cohort (N)

Follow-up 
Duration

Baseline 
UPDRS-III 
(Off-med)

Post-DBS 
UPDRS-III 
(Off-med, 
On-stim)

% 
Improvement 

UPDRS-III

Change in 
"ON" Time 

(hours/day)
% Reduction 

in LEDD

Key 
Findings on 
Dyskinesia/
Fluctuations

Deuschl et al. 1 78 6 months 48 ± 12.3 28.3 ± 14 41% 9.5 points 
(PDQ-39)

Not specified Significant 
improvement 

in PDQ-39 and 
UPDRS-III.

Schuepbach 
et al. 1

251 2 years Not specified Not specified Not specified 8.0 points 
(PDQ-39 
summary 

index)

Not specified Superiority 
in motor 
disability, 

ADL, motor 
complications, 
time with good 

mobility/no 
dyskinesia.

Weaver et al. 1 255 6 months Not specified Not specified 71% of 
patients had 

clinically 
meaningful 

motor 
improvement

+4.6 Not specified Significantly 
improved "on" 
time without 

troubling 
dyskinesia.

St George et 
al. 1

Meta-analysis Variable Variable Variable Variable Variable Variable Positive impact 
on quality of 

life.

J Neurol 
Neurosurg 
Psychiatry 4

51 5 & 8 years 5 & 8 years Sustained 
improvement

Not specified Dyskinesias & 
motor fluctua-
tions remained 

significantly 
reduced.

Not specified Dyskinesias & 
motor fluctua-
tions remained 

significantly 
reduced 

long-term.

StatPearls 6 Review Variable Variable Variable 30-60% Not specified 50% 
(STN-DBS)

Equivalent 
beneficial 

effects 
on motor 

symptoms for 
STN and GPi.

Mov Disord. 3 101 (active) 3 months 7 hours +4.27 Not specified +4.27 Declined 
similarly

Significant 
improvement in 
UPDRS motor 

subscore.

J Neurol 
Neurosurg 
Psychiatry 4

51 5 & 8 years Significant 
reduction

Sustained 
benefit

Not specified Not specified Significant 
reduction

Dyskinesias & 
motor fluctua-
tions remained 

significantly 
reduced 

long-term.

Mov Disord. 85 53 6 & 18 months Not specified 44%  
(6 months)

44%  
(6 months)

Not specified 43% (6 
months), 35% 
(18 months)

Directional 
DBS effectively 
reduced motor 
and non-motor 

symptoms.

Mov Disord. 78 51 17 years Not specified 50.6% 
reduction

Not specified Dyskinesia: 
75% reduction; 

Off-state: 
58.7% 

reduction

50.6% Long-lasting 
effectiveness 
beyond 15 

years.

Neurology 86 Cohorts 2 & 3 3 years Not specified Stable or 
improved

Not specified Not specified 21-30% VY-AADC01 
resulted 

in stable/
improved 

motor function.

NPJ Parkinsons 
Dis. 9

Review Variable Variable Variable Variable Variable Variable Many 
non-motor 
fluctuations 

improve with 
STN DBS.

Table 1: Quantitative Improvements in Motor Symptoms and Medication Reduction with DBS

(continued)
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Evidence regarding the effects of DBS on autonomic 

dysfunction remains somewhat limited and occasionally 

conflicting.9 However, some studies propose that STN-

DBS may improve certain autonomic symptoms, such 

as orthostatic hypotension, by influencing heart rate 

and enhancing baroreceptor sensitivity.9 Other reported 

benefits include improvements in thermoregulation, 

sweating disturbances, and specific urinary symptoms in 

some patients.18

In the realm of neuropsychiatric outcomes, the effects of 

DBS are more variable. While DBS may not consistently 

improve global cognitive decline or depression, some 

studies have reported improvements in anxiety.4 However, 

a consistent finding is a decline in verbal fluency, which 

is often attributed to the surgical implantation itself (a 

microlesion effect) rather than the ongoing stimulation.7 

Psychiatric changes such as hypomania, apathy, 

hypersexuality, and impulse control disorders can also 

emerge post-surgery.1 These effects can be influenced 

by specific stimulation parameters, the precise location 

of stimulating contacts within the STN (e.g., limbic 

versus motor regions), and adjustments to dopaminergic 

medications post-surgery.9 Unrealistic patient expectations 

regarding surgical outcomes have also been identified 

as a factor contributing to postoperative psychological 

distress.9 Given these complexities, meticulous patient 

selection, involving comprehensive neuropsychological 

3.2. Non-Motor Symptom Modulation

While DBS is primarily recognized for its profound effects 

on motor symptoms, its impact on non-motor symptoms 

(NMS) is more nuanced and heterogeneous.1 Although 

DBS may not consistently improve all non-motor aspects 

like cognitive decline or depression, emerging evidence 

suggests it can positively influence the overall non-motor 

symptom burden by reducing the prevalence and intensity 

of certain NMS.18

Sleep disturbances are highly prevalent in PD, and DBS, 

particularly STN-DBS, has been reported to improve both 

subjective and objective measures of sleep quality.8 This 

includes observed increases in total sleep time, reductions 

in wakefulness after sleep onset (WASO), and improved 

nocturnal mobility.33 Some studies also indicate benefits 

for specific sleep disorders such as REM sleep behavior 

disorder (RBD) and restless legs syndrome (RLS).8

Pain, a common and often debilitating NMS in PD, can 

also be significantly improved by DBS. Studies indicate 

that global pain scores can improve substantially, 

with reported reductions ranging from 28% to 84%.9 

Interestingly, research suggests that a more dorsal active 

contact location within the STN may be a specific predictor 

for pain improvement, hinting at distinct underlying 

mechanisms compared to motor symptom relief.91

Study/
Reference

Patient 
Cohort (N)

Follow-up 
Duration

Baseline 
UPDRS-III 
(Off-med)

Post-DBS 
UPDRS-III 
(Off-med, 
On-stim)

% 
Improvement 

UPDRS-III

Change in 
"ON" Time 

(hours/day)
% Reduction 

in LEDD

Key 
Findings on 
Dyskinesia/
Fluctuations

J Neurol 
Neurosurg 

Psychiatry 4

51 5 & 8 years Significant 
reduction

Sustained 
benefit

Not specified Not specified Significant 
reduction

Dyskinesias & 
motor fluctua-
tions remained 

significantly 
reduced 

long-term.

Mov Disord. 
69

Not specified 6 months Not specified 29% (Part III) 29% (Part III) Not specified Not specified MDS-UPDRS 
Part IV 

improved by 
74%.

Neurology 52 Not specified 12 months Not specified Similar 
(directional vs 

omnidirectional)

Not specified Not specified 51.3% 
(directional) vs 
42.7% (omnidi-

rectional)

Directional 
leads achieved 

comparable 
motor 

scores with 
greater LEDD 

reduction.

Table 1: Quantitative Improvements in Motor Symptoms and Medication Reduction with DBS (continued)
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need for more targeted NMS-specific research. The initial 

observation is that DBS primarily targets motor symptoms, 

with variable effects on NMS.1 However, a closer 

examination reveals that some NMS, such as sleep, pain, 

and certain autonomic functions, do show improvement.8 

The underlying mechanisms for these improvements 

are not fully understood, but evidence suggests that 

the basal ganglia are connected to areas regulating the 

autonomic nervous system 90, and STN stimulation can 

modulate neural activity in regions like the thalamus and 

and psychiatric evaluation, is paramount to mitigate 

potential risks and optimize overall outcomes.9

The heterogeneous impact of DBS on non-motor 

symptoms suggests that while the primary effect is motor 

circuit modulation, the observed NMS improvements are 

likely due to complex, indirect effects on interconnected 

neural networks, and may also be influenced by medication 

reduction rather than direct stimulation. This highlights the 

Non-Motor 
Symptom 
Domain

Specific Symptom/
Measure Assessment Scale Used Observed Effect of DBS Quantitative Change / 

Key Findings
Relevant 

References

Sleep Overall Sleep Quality, 
Insomnia, WASO, 

Nocturnal Mobility, RLS, 
RBD

PDSS, PSG 
(Polysomnography), ESS

Improvement (subjective 
& objective)

STN-DBS significantly 
improved PDSS scores 

(mean difference = 20.41), 
increased total sleep 

time, decreased WASO, 
improved nocturnal 

mobility, RLS, nocturia, and 
increased sleep efficiency.

8

Pain Global Pain MDS-UPDRS Part I (item 
9)

Improvement Global pain scores 
improved by 28-84%. 

Dorsal STN active contact 
location predicted pain 

improvement.

9

Autonomic 
Dysfunction

Orthostatic Hypotension, 
Thermoregulation, 
Sweating, Urinary 
Symptoms, Gastric 

Emptying, Swallowing

Various clinical assess-
ments, PET scans

Variable Improvement STN-DBS may improve 
orthostatic hypotension 

(increased HR, improved 
baroreflex), thermoreg-
ulation, sweating, and 

urinary symptoms (e.g., 
detrusor hyperreflexia, 

increased bladder 
capacity). Bilateral 

STN-DBS can improve 
gastric emptying and 

constipation.

9

Cognition Global Cognitive Function, 
Verbal Fluency, Executive 

Function, Memory

Mattis Dementia Rating 
Scale, Verbal Fluency 

Tests, Stroop Test

Generally stable global 
cognition; selective 

decline in verbal fluency.

Overall global cognitive 
function not significantly 

affected. Consistent 
declines in verbal fluency 

(e.g., -4.50 points 
semantic, -3.06 points 

phonemic) often attributed 
to surgical implantation. 
Rates of dementia not 

increased beyond natural 
PD progression.

1

Nuero-
psychiatric

Depression, Anxiety, 
Apathy, Hypomania, 

Hypersexuality, Impulse 
Control Disorders (ICDs)

Beck Depression 
Inventory, NMSS, 

QUIP-RS

Variable (Improvement, 
No Change, Worsening)

Anxiety can be reduced. 
Depression results are 

conflicting (improvement, 
no change, worsening), 

often influenced by 
medication changes 

and stimulation location. 
Hypomania, apathy, 

hypersexuality, and ICDs 
can emerge, sometimes 
linked to direct limbic 

stimulation or medication 
reduction.

1

Table 2: Impact of DBS on Specific Non-Motor Symptoms and Cognitive/Psychiatric Outcomes
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initial observation is that DBS improves quality of life and 

reduces medication.1 A closer examination reveals a direct 

causal link: the reduced medication burden, often a 30-

50% lower levodopa dose, directly leads to a decrease 

in troublesome dyskinesias and motor fluctuations.1 This 

is not simply about managing symptoms; it is about 

fundamentally improving the patient's daily experience. 

Less reliance on medication translates into fewer drug-

related side effects, greater physical comfort, and 

enhanced autonomy in managing their condition and daily 

activities.1 This integrated benefit contributes significantly 

to the overall "quality of life gains" observed with DBS, 

extending beyond just motor improvements. This makes 

DBS a more appealing and effective long-term solution by 

addressing both the primary symptoms and the iatrogenic 

complications of conventional pharmacological treatment.

4. Risks and Complications Associated 
with DBS

4.1. Surgical and Hardware-Related Complications

Deep Brain Stimulation surgery, while highly effective, is 

an invasive neurosurgical procedure that carries inherent 

risks and potential complications, although reported rates 

can vary across studies. Common surgical risks include 

infection, which is reported to occur in 1-3% of cases 

in the original article, but literature reviews indicate a 

wider range, from 0% to 15%.1 Intracranial hemorrhage is 

another significant risk, with reported incidences ranging 

from 0.5% to 2.8%, and a fatal risk reported at 0.4% in one 

large study.1 Stroke can occur in 0-2% of patients.1 Overall, 

the incidence of serious adverse events may be higher in 

DBS groups compared to medical therapy alone, with one 

trial reporting 13% vs. 4% and another 54.8% vs 44.1%.10

Hardware-related complications are also a concern over 

the long term. These include lead fracture, reported 

in 1-15% of patients, often occurring at the junction 

between the lead and the extension cable, with rotational 

movements identified as a contributing factor.31 Lead 

migration, defined as unintended post-operative 

displacement of the DBS lead, has an incidence ranging 

from 0% to 19%, and optimal lead placement is critically 

insular cortex, which are involved in bladder function.90 

Additionally, some psychiatric effects are linked to direct 

stimulation of limbic systems or changes in medication.9 

This points to the involvement of indirect network effects 

beyond just the motor circuits. The limited and often 

conflicting evidence for some NMS 9, along with the call 

for randomized, prospectively controlled trials with NMS as 

primary endpoints 18, indicates that current understanding 

is incomplete. This gap in knowledge underscores a critical 

area for future research to unravel the precise neural 

mechanisms and to optimize DBS specifically for non-

motor symptoms, which could lead to a more holistic and 

comprehensive approach to PD management.

3.3. Quality of Life and Medication Reduction

Deep Brain Stimulation consistently leads to significant 

improvements in the overall quality of life (QoL) for eligible 

Parkinson's Disease patients. Long-term data demonstrate 

that the efficacy of DBS persists for a decade or more, with 

notable gains in patient-reported mobility and emotional 

well-being, as measured by instruments such as the 

Parkinson's Disease Questionnaire (PDQ-39).1 A particularly 

compelling finding from one study revealed a stable QoL 

trend in the DBS group over five years, contrasting sharply 

with a 50% decline observed in a comparable medically 

treated group, with the primary driver of this QoL 

advantage being increased mobility.118

A significant benefit of DBS is its ability to substantially 

reduce the dependency on dopaminergic medications. 

Patients frequently experience a reduction in their 

levodopa equivalent daily dose (LEDD) by 30-50%.1 This 

reduction in medication dosage is crucial, as it directly 

mitigates the burden of medication-related side effects, 

such as dyskinesias and motor fluctuations, which often 

become problematic with long-term pharmacological 

management.1 The alleviation of these drug-related 

adverse effects contributes significantly to enhanced 

patient comfort and autonomy in their daily lives.1

The significant reduction in medication dependency post-

DBS creates a synergistic benefit that extends beyond 

mere symptom control, contributing profoundly to patient 

comfort and autonomy, and thereby to a more sustainable 

and patient-centric long-term management strategy. The 
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migration.1 However, a closer look reveals that despite 

the development of advanced technologies like robotic 

guidance systems, which aim for millimeter accuracy in 

lead placement 132, lead migration (0-19%) and fracture 

(1-15%) continue to occur.31 Similarly, infection rates, 

while variable, can still be substantial (up to 15%).122 The 

causal relationship is clear: inaccurate lead placement 

or post-operative displacement can lead to suboptimal 

therapeutic outcomes and necessitate revision surgery.130 

Furthermore, infections often require the removal of the 

implanted hardware, which can be a devastating setback 

for patients.122 The persistence of these complications, 

despite the continuous refinement of surgical techniques 

and device design, indicates that current prevention and 

management strategies are not yet fully optimized. This 

points to a crucial area for future research, including the 

development of novel biomaterials for leads, further 

advancements in surgical planning and execution, and 

more effective infection control protocols, all of which are 

necessary to truly enhance the safety profile and long-term 

reliability of DBS systems.

important for successful outcomes.31 Other hardware issues 

can include device malfunction.121

The management of hardware-related infections typically 

involves systemic antibiotic therapy, surgical wound 

incision and debridement, and in many cases, complete 

removal of the implanted DBS system.43 However, efforts 

to retain the device may be considered depending on the 

depth and extent of the infection and patient preference, 

particularly if the DBS provides significant symptomatic 

improvement.123 Advancements in surgical techniques, 

including the use of robotic guidance systems, aim to 

reduce infection rates and improve the accuracy of lead 

placement, thereby potentially minimizing the need for 

revisions.132

The ongoing challenge of surgical and hardware 

complications, despite technological advancements, 

highlights a critical need for improved intraoperative 

precision and post-operative infection prevention 

protocols to enhance patient safety and long-term 

device integrity. The initial observation is that DBS 

carries surgical risks like hemorrhage and infection, 

and hardware complications such as lead fracture or 

Type of 
Complication

Reported Incidence Rate 
(Range or Specific %) Key Risk Factors Management Strategies Relevant References

Infection 0-15% (original: 1-3%) Older patients, PD diagnosis, 
surgical complications, specific 
surgical techniques, intra-op-
erative vancomycin (in some 

studies)

Systemic antibiotics, wound 
incision and debridement, 

hardware removal (complete 
or partial), device retention (if 

minor/patient preference).

1

Intracranial 
Hemorrhage

0.5-2.8% (fatal risk 0.4%) Older patients (general 
surgical risk), surgical 

procedure itself.

Medical management, sometimes 
surgical intervention.

1

Stroke 0-2% Surgical procedure itself. Medical management, 
rehabilitation.

1

Lead Fracture 1-15% (4% in one study of 387 
electrodes)

Rotational movement of 
lead-extension system, trauma, 
active engagement in sports, 

Twiddler's Syndrome.

Surgical revision/replacement of 
lead.

31

Lead 
Migration/
Dislodgement

0-19% Suboptimal lead placement, 
patient activity.

Surgical repositioning/revision, 
programming adjustments.

31

Device 
Malfunction

Not consistently quantified; can 
occur due to battery failure, loose 

connections.

Battery depletion, hardware 
component failure.

Battery replacement, component 
replacement, programming 

adjustments.

121

Overall Serious 
Adverse Events

13% vs 4% (DBS vs med. only) 
/ 54.8% vs 44.1% (DBS vs med. 

only)

Surgical procedure, hardware, 
patient comorbidities.

Varies depending on specific 
event.

10

Table 3: Incidence and Management of Surgical and Hardware-Related Complications in DBS for 
Parkinson's Disease
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a factor contributing to postoperative psychological 

distress.9 To mitigate these complex risks and optimize 

patient outcomes, a comprehensive, multidisciplinary 

team approach to patient selection, including thorough 

neuropsychological and psychiatric evaluation, is 

essential.9

The manifestation and severity of stimulation-induced 

side effects are determined by a complex interplay 

between DBS, the natural progression of Parkinson's 

Disease, and individual patient vulnerabilities, particularly 

their pre-existing cognitive and psychiatric profiles. 

This highlights the necessity for highly individualized 

pre-surgical assessment and adaptive post-operative 

programming strategies. The initial observation is that 

DBS can cause side effects such as speech and gait 

issues, as well as cognitive and psychiatric changes.1 

However, these side effects are not uniform across all 

patients. Their occurrence and severity are influenced by 

several causal factors, including the specific stimulation 

settings, the precise anatomical location of the electrode 

(for instance, whether stimulation extends into limbic 

versus motor regions of the STN), changes in medication 

regimens post-surgery, and, critically, the patient's pre-

operative cognitive and psychiatric status.9 For example, 

the decline in verbal fluency is often linked to the surgical 

implantation itself rather than the chronic stimulation.7 

Furthermore, disease duration at the time of surgery has 

been identified as a stronger predictor of future dementia 

than the presence of mild cognitive impairment before 

the procedure.101 This intricate relationship implies that a 

"one-size-fits-all" approach to DBS therapy is inherently 

insufficient. The success of DBS is not solely measured 

by motor improvement but also by its ability to preserve 

or enhance the patient's overall well-being, which is 

significantly influenced by these non-motor, stimulation-

related effects. This underscores the indispensable role 

of a multidisciplinary team in patient selection, providing 

realistic counseling, and implementing long-term adaptive 

programming to ensure a favorable risk-benefit profile 

tailored to each individual patient.

4.2. Stimulation-Induced Side Effects

Beyond the direct surgical and hardware-related 

complications, Deep Brain Stimulation can induce a range 

of side effects related to the electrical stimulation itself. 

These effects are often dependent on the stimulation 

parameters and the precise location of the active contacts.

Speech impairment, particularly dysarthria (slurred 

speech), is a commonly reported side effect of 

stimulation.1 Similarly, gait freezing and balance problems 

can sometimes worsen with DBS, even if other motor 

symptoms improve.1 These stimulation-induced motor side 

effects are often energy-dependent and can frequently 

be mitigated or resolved by careful adjustment of the 

stimulation settings.31

The impact of DBS on cognitive function is a complex 

area. While the therapy is generally considered to have 

a minimal effect on overall global cognitive function1, 

consistent declines have been reported in specific 

cognitive domains, most notably verbal fluency and certain 

executive functions.7 These declines are often attributed 

to the microlesion effect of the surgical implantation itself 

rather than the ongoing electrical stimulation.7 Long-term 

studies indicate that the rates of cognitive decline or 

progression to dementia post-DBS are generally not higher 

than the natural progression of PD itself.4 However, certain 

risk factors for worse cognitive outcomes have been 

identified, including pre-operative executive dysfunction 

and poorer memory, older age, higher pre-operative 

levodopa doses, and greater axial symptom involvement.99

Neuropsychiatric side effects are also a recognized 

concern. While some studies report improvements in 

anxiety post-DBS 4, the impact on depression can be 

variable, with reports of improvement, no change, or even 

worsening.9 Other psychiatric changes, such as apathy, 

hypomania, hypersexuality, and impulse control disorders 

(ICDs), can occur.1 These effects can be influenced by the 

precise stimulation parameters, the anatomical location 

of the stimulating contacts within the STN (e.g., whether 

stimulation extends into limbic or associative territories), 

and the changes in dopaminergic medications post-

surgery.9 Furthermore, unrealistic patient expectations 

about the surgical outcome have been implicated as 
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of 7.5 years at the time of intervention.19 Furthermore, 

Medtronic's guidance suggests that DBS is more effective 

if introduced early, before symptoms become unresponsive 

to medication or severe disability and cognitive 

impairment develop.117 This indicates that delaying DBS 

until very late stages might lead to patients missing out 

on the optimal period for intervention. The "window of 

opportunity" is thus not a static endpoint but a dynamic 

phase during which DBS can offer superior and more 

sustained outcomes. This understanding has significant 

implications for the evolution of clinical guidelines, patient 

education, and referral pathways, advocating for a more 

proactive rather than reactive approach to considering DBS 

as a therapeutic option.

DBS vs. Ablative Procedures

Historically, ablative surgical procedures such as 

thalamotomy and pallidotomy were utilized to treat 

Parkinson's Disease symptoms by creating permanent 

lesions in specific brain areas.1 More recently, focused 

ultrasound (FUS) has emerged as a non-invasive ablative 

alternative, particularly for tremor.1 While FUS offers 

the advantage of being non-invasive, it currently lacks 

the broad efficacy of DBS for the full spectrum of PD 

symptoms and, crucially, is not adjustable.1 In some 

regions, FUS is approved for essential tremor and tremor 

in PD.137

A key advantage of DBS over these ablative procedures is 

its reversibility and adjustability.1 Unlike permanent lesions, 

DBS allows for the fine-tuning of stimulation settings post-

operatively to maximize therapeutic benefits and minimize 

side effects over time.2 This adjustability is a critical 

differentiator, as it enables clinicians to adapt the therapy 

as the patient's condition evolves, a feature not possible 

with irreversible ablative techniques.2 For instance, if a 

pallidotomy results in slurred speech, this side effect is 

permanent; with DBS, adjustments to the settings can 

often alleviate such issues.96

The adjustability and reversibility of DBS offer a significant 

long-term advantage over permanent ablative procedures 

like FUS, enabling adaptation to disease progression 

and mitigation of side effects, thereby providing more 

5. Comparative Analysis with 
Alternative Therapies

DBS vs. Optimized Pharmacological Management

Levodopa remains the cornerstone and primary 

pharmacological treatment for Parkinson's Disease, 

offering significant symptomatic relief.1 However, the long-

term administration of levodopa frequently leads to the 

development of motor fluctuations (unpredictable shifts 

between "on" and "off" states) and levodopa-induced 

dyskinesias (involuntary movements), which often become 

refractory to conventional medication adjustments.1

For patients experiencing these advanced motor 

complications, Deep Brain Stimulation has consistently 

demonstrated superiority over optimized medical therapy 

alone.1 DBS leads to significant improvements in motor 

disability, activities of daily living, and a substantial 

reduction in levodopa-induced motor complications, 

ultimately enhancing the patient's quality of life.1 A key 

benefit is the significant increase in "ON" time without 

troublesome dyskinesia.62

Traditionally, DBS has been considered a treatment for 

late-stage PD, typically performed after 14 to 15 years 

of diagnosis.61 However, there is growing evidence 

supporting the consideration of DBS at earlier stages of 

PD, before symptoms become severely disabling.6 The 

landmark EARLYSTIM trial, for instance, demonstrated 

significant quality of life and motor benefits in patients with 

early motor complications (average disease duration of 7.5 

years) when compared to best medical therapy alone.19

The expanding "window of opportunity" for DBS, with 

evidence suggesting benefits in earlier PD stages, 

challenges the traditional view of DBS as a last-resort 

therapy. This implies a paradigm shift towards earlier 

consideration for eligible patients to maximize long-term 

quality of life and functional independence. The traditional 

perspective held that DBS was typically reserved for late-

stage PD, often after 14-15 years of diagnosis.61 However, 

emerging evidence, notably from the EARLYSTIM trial, has 

demonstrated significant benefits in patients with earlier 

motor complications, with an average disease duration 
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over 3-4 years.86 However, concerns remain regarding 

the sustained efficacy of these therapies, as benefits 

may diminish over extended periods, and critically, 

gene therapy does not currently halt the underlying 

neurodegenerative progression of PD.120 GDNF gene 

therapy (e.g., AB-1005) seeks to boost neurotrophic factors 

to support neuronal health and prevent cell loss. Early 

Phase 1 results have shown safety and some improvement 

or stability in motor symptoms, paving the way for larger, 

double-blinded trials.142

While gene therapies hold promise for disease 

modification by addressing dopamine deficiency or 

neuroprotection, their current efficacy is primarily 

symptomatic, and long-term durability and ability to halt 

disease progression remain unconfirmed, positioning 

them as complementary rather than outright replacements 

for DBS in advanced symptomatic management. The 

promise of gene therapy lies in its potential to address 

the "root cause" of PD by restoring dopamine production 

or protecting neurons from degeneration.20 However, the 

current reality from clinical trials indicates that while AADC 

gene therapy can improve motor function and reduce 

medication, these benefits may diminish over time, and 

the therapy does not halt disease progression.120 Similarly, 

GDNF gene therapy shows early safety and some motor 

improvement, but larger trials are still needed to confirm 

its efficacy in slowing progression.142 When compared to 

DBS, which is a well-established symptomatic treatment 

for advanced PD with proven long-term efficacy 23, gene 

therapies are still in earlier clinical development stages.20 

This suggests that while gene therapies are an exciting 

area of research for their potential to modify the disease 

course, they are not yet at a stage to replace DBS for 

established symptomatic control in advanced PD. Instead, 

they are more likely to become complementary therapies 

in the future, potentially slowing disease progression or 

enhancing the long-term effects of DBS.

Stem Cell Therapy

Stem cell therapies represent a promising avenue for PD 

treatment by aiming to replace lost dopamine neurons. 

This involves reprogramming various types of stem cells, 

such as induced pluripotent stem cells (iPSCs), human 

embryonic stem cells (hESCs), or mesenchymal stem 

sustained and personalized symptom management. The 

comparison highlights that ablative procedures, such as 

FUS, create permanent lesions in the brain 23, whereas 

DBS is reversible and adjustable.1 The consequence 

of permanence is that if side effects, such as slurred 

speech from a pallidotomy, occur, they are irreversible.96 

Furthermore, FUS, while non-invasive, lacks the broad 

efficacy and adjustability of DBS for the diverse symptoms 

of PD.1 In contrast, a key benefit of DBS's adjustability 

is the ability to fine-tune stimulation settings over time 

to maximize therapeutic benefits and minimize side 

effects as the patient's condition changes.2 This allows 

for a "tailored level of brain stimulation for different 

stages of the disease".46 This inherent flexibility of DBS 

makes it a more adaptive and patient-centric long-term 

solution, particularly crucial for managing a progressive 

neurodegenerative disorder like Parkinson's Disease, 

where symptoms and medication responses inevitably 

evolve over time. This provides a significant advantage in 

providing continuous, optimized care.

5.3. DBS vs. Emerging Biological and Pharmacological 
Approaches

The landscape of Parkinson's Disease treatment is 

continuously evolving, with several novel biological and 

pharmacological approaches under investigation. These 

emerging therapies present both potential complementary 

roles and future alternatives to established treatments like 

DBS.

Gene Therapy

Gene therapy approaches aim to address the underlying 

pathology of PD by restoring dopamine levels or 

protecting degenerating neurons. This is typically achieved 

by delivering therapeutic genes, such as those encoding 

aromatic L-amino acid decarboxylase (AADC) or glial cell 

line-derived neurotrophic factor (GDNF), directly into 

specific brain regions using viral vectors, commonly adeno-

associated viruses (AAV).20

Clinical trials for AADC gene therapy, such as with VY-

AADC01, have demonstrated a favorable safety profile and 

preliminary indications of improved motor function and 

reduced medication requirements, with effects maintained 
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Novel Oral/Infusion Drugs

Recent pharmacological advancements in PD treatment 

primarily focus on minimizing motor fluctuations, reducing 

"OFF" time, and managing dyskinesias that are not 

adequately controlled by conventional oral levodopa 

regimens.65 These novel approaches aim to overcome the 

pharmacokinetic limitations of traditional oral levodopa, 

which often leads to inconsistent drug levels and motor 

complications.

Examples of these new formulations include continuous 

subcutaneous levodopa/carbidopa infusion (e.g., 

ND0612), which provides more consistent medication 

levels throughout the day.158 Inhaled levodopa (e.g., 

Inbrija®) and sublingual apomorphine offer "on-demand" 

relief for "OFF" periods.133 Additionally, adenosine A2A 

receptor antagonists (e.g., istradefylline) represent a 

non-dopaminergic approach that can reduce "OFF" time 

and dyskinesia.133 These therapies collectively aim to 

provide more stable symptom control by ensuring a more 

continuous or responsive dopaminergic stimulation.133

Beyond these, nanocarriers are an emerging technology 

that holds significant promise for precise drug delivery. 

These extremely small, engineered particles are designed 

to overcome the blood-brain barrier and carry drugs 

directly to specific brain regions, offering the potential for 

delivering neuroprotective compounds or even combined 

therapies with unprecedented precision.161

The development of novel drug formulations and 

delivery systems, such as continuous infusions, inhaled, 

and nanocarrier-based approaches, aims to overcome 

the pharmacokinetic limitations of oral levodopa and 

provide more stable symptom control. This indicates 

a convergence of pharmacological and device-aided 

strategies to optimize continuous dopaminergic 

stimulation. The primary problem with oral levodopa is 

its fluctuating efficacy, leading to motor fluctuations and 

dyskinesias, largely due to inconsistent absorption and a 

short half-life.1 The development of new drug formulations, 

including subcutaneous infusions, inhaled, and sublingual 

options, directly addresses this issue by aiming for more 

consistent drug levels and providing "on-demand" 

relief for "off" periods.133 Furthermore, the advent of 

cells (MSCs), into dopamine-producing neurons for 

transplantation into the brain.149

Early phase 1 and 2 clinical trials have shown encouraging 

results regarding safety, with no significant adverse effects, 

tumor formation, or graft-induced dyskinesia reported.149 

These trials have also demonstrated promising signs of 

motor improvement and increased dopamine activity in 

the putamen following transplantation.151 Notably, Phase 

3 trials for some of these therapies are anticipated to 

commence in the first half of 2025.151 However, challenges 

remain, including the small sample sizes and limited follow-

up durations of current studies, as well as the necessity 

for immunosuppressive drugs when using donor-derived 

cells to prevent rejection.149 The long-term effectiveness of 

these therapies is still unconfirmed.149

Stem cell therapies, while showing promising early safety 

and symptomatic benefits, are still in early developmental 

stages. Their long-term effectiveness, optimal cell types, 

and integration into clinical practice remain significant 

research questions, suggesting they are a future frontier 

rather than immediate competitors to established DBS. 

The promise of stem cells lies in their ability to replace 

the dopamine neurons lost in PD, potentially restoring 

brain function.150 Current trials have demonstrated early 

safety and some motor improvement, with Phase 3 trials 

slated for 2025.149 However, significant challenges persist, 

including the small sample sizes and limited follow-up 

periods in existing studies, and the requirement for 

immunosuppression when donor cells are used.149 Crucially, 

the long-term effectiveness of these therapies has yet to 

be confirmed.149 This indicates that while stem cell therapy 

is a highly exciting and potentially transformative area 

of research, it is still largely experimental. Its widespread 

clinical application is likely years away, as it faces 

substantial hurdles regarding long-term safety, efficacy, 

and standardization of protocols. Thus, stem cell therapy 

currently represents a future potential "cure" or disease-

modifying therapy, a distinct and complementary approach 

to DBS's established role as an advanced symptomatic 

management tool.
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March 2025, with its commercial rollout in select European 

markets anticipated in 2025.1

The benefits of aDBS are multi-faceted. These systems aim 

to optimize symptom control by delivering stimulation only 

when and where needed, thereby reducing overstimulation 

side effects (such as speech issues or balance problems), 

decreasing energy consumption (which extends battery 

life), and minimizing the need for frequent manual 

programming adjustments by clinicians.1 Early clinical trials 

suggest that aDBS may offer superior symptom control 

compared to conventional continuous DBS.1

Personalized Programming and AI Integration

The advancement of adaptive systems is closely 

intertwined with the integration of artificial intelligence 

(AI) and machine learning (ML). These computational 

approaches are being leveraged to create individualized 

algorithms that are precisely tailored to each patient's 

unique symptom patterns and brain signal dynamics.25 

This personalized programming paradigm aims to achieve 

faster optimization of treatment, develop more responsive 

systems, and potentially facilitate seamless integration with 

other therapeutic modalities.27

However, the clinical implementation of AI-driven 

programming faces several challenges. These include the 

need for data standardization across different platforms 

and institutions, navigating complex regulatory hurdles for 

AI-enabled medical devices, and, critically, the requirement 

for extensive prospective validation through rigorous 

randomized controlled trials (RCTs) to definitively establish 

their safety and clinical benefit in real-world settings.172

The rapid commercialization of adaptive and closed-

loop DBS systems in Europe, driven by real-time brain 

signal feedback and AI, signifies a paradigm shift 

from static, clinician-programmed therapy to dynamic, 

patient-tailored neuromodulation. This promises not 

only superior symptom control and fewer side effects 

but also fundamentally alters the patient's long-term 

management experience by reducing clinic visits and 

optimizing energy use. The traditional limitation of DBS 

was its "always on" stimulation, which necessitated 

frequent manual adjustments and often led to either 

nanocarriers, designed for precise drug delivery across 

the blood-brain barrier, offers the potential to deliver 

drugs directly to the affected brain regions, including 

neuroprotective compounds.161 These innovations reflect 

a broader therapeutic strategy to achieve continuous 

and stable dopaminergic stimulation, a goal that aligns 

closely with the objectives of DBS therapy. This suggests 

a future where pharmacological and surgical interventions 

are not strictly separate but rather integrated components 

of a comprehensive strategy for optimizing continuous 

dopaminergic stimulation. This evolving relationship 

implies that these novel drugs could potentially delay the 

need for DBS or serve as complementary therapies to 

enhance its effects, rather than simply competing with it.

6. Advancements and Future Directions

6.1. Next-Generation DBS Systems

The field of Deep Brain Stimulation is undergoing rapid 

evolution, with significant advancements in device 

technology and programming paradigms. These next-

generation systems are poised to further enhance the 

efficacy and personalization of DBS therapy for Parkinson's 

Disease.

Adaptive and Closed-Loop DBS (aDBS)

A major leap forward in DBS technology is the 

development of adaptive and closed-loop DBS (aDBS) 

systems. Unlike conventional DBS, which delivers 

continuous, fixed stimulation, aDBS dynamically adjusts 

the stimulation parameters in real-time based on feedback 

from the patient's brain signals, typically local field 

potentials (LFPs), particularly the pathological beta-band 

oscillations.1

Several key systems are leading this innovation. 

Medtronic's Percept PC with BrainSense™ technology, 

which allows for the capture and recording of brain signals 

while simultaneously delivering therapeutic stimulation, 

received CE Mark approval in Europe in January 2025 and 

FDA approval in February 2025.26 This enables real-time, 

self-adjusting brain stimulation. Similarly, Newronika's 

AlphaDBS system also secured CE Mark approval in 
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Mechanisms of Long-Term Cognitive Decline and Non-
Motor Symptom Effects

Understanding the long-term effects of DBS on cognition 

and non-motor symptoms remains an area of active 

investigation. While DBS generally does not increase the 

incidence of dementia beyond the natural progression 

rates observed in PD 99, selective declines in specific 

cognitive domains, such as verbal fluency and executive 

function, are consistently reported.7 The precise underlying 

mechanisms and neural correlates of these cognitive 

changes require further elucidation.31 Similarly, while 

DBS has shown benefits for certain non-motor symptoms 

like sleep and pain, the exact mechanisms by which it 

influences these and other NMS (e.g., mood, apathy) are 

not fully understood, necessitating more targeted and 

mechanistic research.9

Ethical Considerations (Patient Autonomy, Access, 
Enhancement Debate)

DBS raises a complex array of ethical considerations 

that extend beyond the clinical benefits and risks. These 

include ensuring truly informed consent, particularly for 

an invasive, "last-resort" therapy where patients may be 

in a vulnerable or desperate state.104 Questions regarding 

patient autonomy and the potential impact on identity or 

personhood are also critical, especially as DBS technology 

becomes more sophisticated and capable of influencing 

mood and behavior.104 The increasing capability of next-

generation DBS systems to record and store sensitive 

neural data introduces new concerns about data privacy 

and security.105 Furthermore, the expansion of DBS 

indications to new areas, such as certain psychiatric 

disorders, fuels an ongoing debate about the ethical 

boundaries between "therapy" (restoring function) and 

"enhancement" (improving beyond normal function).29 This 

necessitates a proactive approach to developing ethical 

frameworks and ensuring transparent communication to 

guide responsible innovation and equitable access.

The increasing sophistication of DBS technologies, 

including adaptive systems and AI-driven programming, 

introduces new ethical challenges related to data privacy, 

patient autonomy, and the very definition of "therapy" 

versus "enhancement." This necessitates proactive 

over- or under-stimulation.12 The advent of adaptive and 

closed-loop systems, which can sense brain activity (e.g., 

beta oscillations) and dynamically adjust stimulation, 

represents a significant technological breakthrough.11 

The fact that major manufacturers like Medtronic and 

Newronika have received CE Mark approval and are rolling 

out these systems in Europe in 2025 1 is not merely an 

incremental improvement; it is a fundamental change in 

how DBS therapy is delivered. This shift moves the control 

of stimulation closer to the patient's physiological needs, 

which holds the potential to reduce the burden of frequent 

clinic visits, minimize stimulation-induced side effects, 

and extend battery life, thereby significantly enhancing 

the long-term patient experience and the sustainability 

of the therapy. This also lays the groundwork for the 

development of more complex AI-driven personalized 

algorithms, although it is important to acknowledge that 

regulatory and validation challenges for these advanced 

systems still need to be addressed.172

6.2. Addressing Unresolved Challenges

Despite the significant progress in DBS technology and 

clinical application, several critical challenges remain that 

require ongoing research and innovative solutions to 

further optimize patient outcomes and expand the reach of 

this therapy.

Optimizing Patient Selection Criteria and Timing of 
Intervention

While established patient selection criteria for DBS exist 

(e.g., idiopathic PD for at least four years, presence of 

motor fluctuations, responsiveness to levodopa, absence 

of significant dementia or severe psychiatric illness) 1, 

there continues to be debate regarding precise cut-off 

values and the optimal "window of opportunity" for 

intervention.61 Current research is actively exploring 

the integration of advanced biomarkers, detailed 

neuroimaging data, comprehensive cognitive evaluations, 

and genetic insights to more accurately predict DBS 

outcomes and to identify patients who are most likely 

to benefit, as well as those at higher risk of cognitive or 

psychiatric sequelae.25
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with only about half seen within the 18-week target).191 

Furthermore, the number of DBS procedures performed 

in England has consistently been below the target of 

approximately 300 per year, with only 125 procedures 

reported in 2020.137 In Scotland, the waiting time from first 

referral to surgery can be 18 months to 2 years.137

Regional Disparities

Geographic disparities in DBS access are pronounced, 

reflecting variations in healthcare infrastructure and 

resource allocation. Access is often limited in rural areas 

of high-income countries and is a widespread challenge 

throughout low- and middle-income nations.1 Southern 

and Eastern European countries, in particular, face 

significant access gaps.1 For instance, in Morocco, despite 

approximately one-fifth of PD patients being definite 

candidates for DBS, only a fraction receive the intervention 

due to socioeconomic challenges, limited insurance 

coverage, and a concentration of neurological services in 

urban centers.198

Other Disparities

Beyond geographical and economic factors, other 

demographic disparities influence DBS utilization. 

Women are notably less likely than men to receive DBS, 

a phenomenon influenced by referral patterns, social 

support networks, and patient preferences.195 Similarly, 

racial and ethnic minority patients consistently receive 

DBS at lower rates.195 Socioeconomic factors, including 

insurance status and household income, are strong 

predictors of DBS access, often favoring privately insured 

and wealthier patients.195

Strategies to Improve Equitable Access

Addressing these multifaceted barriers necessitates 

systemic changes in referral practices, institutional policies, 

and healthcare funding models.195 Key strategies to 

improve equitable access include the establishment of 

local training programs to increase the number of DBS 

specialists and multidisciplinary teams, insurance reforms 

to expand coverage, and public awareness campaigns 

to counter cultural misconceptions about brain surgery 

and advanced therapies.198 While telemedicine and 

ethical frameworks and transparent communication to 

ensure responsible innovation and equitable access. 

The technological advancements in next-generation 

DBS systems, which can record brain signals and adapt 

stimulation in real-time 12, coupled with the integration of 

AI for personalized programming 27, fundamentally alter 

the ethical landscape. These capabilities raise significant 

concerns about the privacy of sensitive neural data.105 The 

dynamic and adaptive nature of these systems also impacts 

patient autonomy and their sense of control over their own 

brain activity, prompting questions about who ultimately 

controls the therapy settings.105 Furthermore, the potential 

for DBS to influence mood, behavior, or even cognitive 

functions, whether intended or subtle, contributes to 

a broader philosophical debate about "enhancement" 

and the nature of personhood.104 This means that as DBS 

moves beyond purely motor symptoms and becomes 

more "intelligent," ethical considerations become 

paramount. This requires a collaborative effort among 

clinicians, ethicists, engineers, and regulatory bodies to 

develop robust guidelines and ensure that technological 

advancements serve patient well-being without 

compromising fundamental human rights or exacerbating 

existing healthcare disparities.

6.3. Global Accessibility and Disparities

Despite the proven efficacy and transformative potential 

of Deep Brain Stimulation, significant and persistent 

disparities in access exist across Europe and globally. 

These disparities are driven by a complex interplay of 

economic, geographical, systemic, and socio-cultural 

factors.

Cost and Reimbursement

The initial costs associated with DBS are substantial, 

ranging from €35,000 to €50,000, with ongoing follow-

up care adding further expenses.1 While some European 

countries, such as Germany, offer comprehensive coverage 

for DBS, accessibility varies significantly across the 

continent.1 For example, in France, reimbursement policies 

are subject to stringent clinical added value assessments.183 

In the United Kingdom, DBS is commissioned by NHS 

England 115, but patients often face prolonged waiting lists 

for neurology appointments (exceeding 235,000 people, 
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symptoms, significantly reducing medication burdens, 

and enhancing overall quality of life has revolutionized 

the management of this progressive neurodegenerative 

disorder.1 The role of DBS is continuously evolving, 

driven by groundbreaking advancements in adaptive 

and closed-loop technologies. These next-generation 

systems promise to deliver more personalized, precise, and 

energy-efficient stimulation by dynamically responding to 

individual brain signals, marking a significant leap forward 

in neuromodulation.1

The intricate nature of DBS, encompassing meticulous 

patient selection, complex surgical implantation, and 

nuanced post-operative programming, necessitates a 

highly skilled and collaborative multidisciplinary team 

approach. This collaborative model is essential for 

optimizing therapeutic outcomes and effectively managing 

potential side effects.1 A patient-centric approach, 

emphasizing shared decision-making and the cultivation 

of realistic expectations, is paramount, given the invasive 

nature of the procedure and the potential for varied 

individual responses.1

The imperative for ongoing research cannot be overstated. 

Future investigations must continue to refine patient 

selection criteria, explore novel stimulation paradigms 

such as dual-frequency and burst stimulation 39, unravel 

the complex mechanisms underlying long-term 

cognitive and non-motor effects, and further integrate 

artificial intelligence for truly personalized and adaptive 

management strategies.172

Crucially, while Europe demonstrates leadership in DBS 

implementation, significant disparities in access persist, 

driven by a confluence of economic, geographical, and 

systemic factors.1 Addressing these accessibility gaps is 

critical to ensuring the equitable provision of this life-

transforming therapy. This will require concerted efforts 

in policy interventions, increased healthcare funding, 

and expanded training programs for specialists across 

all regions to maximize DBS's potential for every eligible 

Parkinson's Disease patient globally.

smartphone-enabled DBS systems hold promise for 

improving access, particularly for underserved populations, 

they have not yet significantly impacted existing racial 

disparities.27

Despite DBS being a well-established therapy, significant 

and persistent disparities in access exist across Europe 

and globally, driven by a complex interplay of economic, 

geographical, systemic (e.g., waiting lists, specialist 

shortages), and socio-cultural factors (e.g., gender, race, 

patient preference). This highlights that technological 

advancements alone are insufficient to ensure equitable 

healthcare; systemic policy and infrastructure changes are 

paramount. The initial observation is that while Europe 

leads in DBS, accessibility varies significantly, and costs 

are high.1 A closer examination reveals specific barriers: 

high procedure costs, limited insurance coverage, and 

long waiting lists for neurology appointments in countries 

like the UK, where the waiting list exceeds 235,000 people 

and DBS procedures fall below target.13 There is also a 

critical shortage of movement disorder specialists 192 and 

a concentration of neurological services in urban centers, 

leaving rural areas underserved.198 Furthermore, socio-

cultural factors contribute to these disparities, including 

gender differences (women are less likely to receive DBS), 

racial and ethnic disparities, and the influence of family 

and cultural perceptions that may discourage advanced 

therapies.195 This multi-faceted problem implies that even 

with rapid advancements in DBS technology, its real-world 

impact is severely limited by these deeply entrenched 

systemic and societal barriers. Therefore, achieving "world-

leading" patient outcomes requires not only continued 

scientific breakthroughs but also robust health policy, 

equitable funding models, expanded training programs 

for specialists, and targeted public health initiatives to 

overcome these pervasive disparities. The focus must 

extend beyond technological development to ensuring fair 

and widespread delivery of this life-changing therapy.

7. Conclusion

Deep Brain Stimulation has unequivocally established itself 

as a transformative and cornerstone therapy for individuals 

with advanced Parkinson's Disease. Its profound and 

sustained efficacy in alleviating debilitating motor 
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