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In Parkinson’s disease (PD), several key factors influence patient selection for deep brain stimulation
(DBS) as they directly affect long-term outcomes. A comprehensive interdisciplinary assessment is
the first step to evaluating risks, benefits, and establishing appropriate goals. Patient-defined
symptom priorities play a critical role in selecting the brain target for DBS. The entry of multiple
manufacturers of hardware has spurred a rapid acceleration of technological progress. While
innovations in programming such as sensing-based physiology-guided programming have
introduced the concept of delivering an optimal or “Goldilocks dose”, a precise, personalized
therapy to address specific PD symptoms, image-guided programming acts like a “GPS,” enabling
faster determination of dose parameters. Emerging tools such as adaptive and automated
programming offer clinicians the potential to provide optimal, energy-efficient stimulation. This
review, integrating both old and well-established knowledge and new insights, provides a
comprehensive summary of the multidimensional aspects of patient selection, target-specific
benefits, advancements in hardware technology, and innovative strategies that are either currently

available or on the horizon for DBS programming.

Deep brain stimulation (DBS) is FDA approved, established and a
powerful therapy for treating Parkinson’s disease (PD)"*. DBS is con-
sidered for individuals with PD who have uncontrollable tremors
despite adequate medication trials, experience significant motor fluc-
tuations on dopaminergic therapies and find dyskinesia induced by
these therapies bothersome'’. A Delphi expert consensus panel
recently proposed specific criteria for advanced PD which are (1)
individuals requiring >5-times oral levodopa doses/day, yet experien-
cing troublesome motor fluctuations with >2h “off” symptoms/day
and 21 h of troublesome dyskinesia/day (also referred to as 5-2-1 cri-
teria) and (2) difficulty with activities of daily living". Other factors also
prompting a discussion in the clinic include significant intolerance to
oral medications, complaints of medication-resistant dystonia causing
discomfort, and deteriorating motor function hindering employment
prospects. These circumstances should trigger conversations related to
DBS and other device aided therapies’ such as levodopa-carbidopa
infusion (intestinal and subcutaneous pumps) and apomorphine sub-
cutaneous infusion pump. Patients and their care partners should be
informed about all device-aided therapies available at their treatment

center and within their geographic region with discussions on advan-
tages and disadvantages’. When the clinical team and patient jointly
decide to pursue DBS, particularly when there is severe dyskinesia or
tremor (and at the same time there are no significant neuropsychiatric
concerns), it is essential to establish appropriate goals and expectations
from the outset. In this DBS-focused narrative review, we intend to
summarize the multidimensional aspects of patient selection, the
variety of brain targets and hardware technology available, and several
novel approaches introduced for precise and personalized program-
ming of electrical parameters. These considerations are critical for
successful clinical outcomes. We believe this review will serve as a
useful introduction to a broad range of DBS topics, particularly for
those new to the field.

Patient Selection Process

DBS has demonstrated consistent efficacy in managing many aspects of PD
in at least eight high-quality randomized controlled DBS trials published
between 2006 and 2020 (Table 1) In clinical practice, the first step
deemed critical for a successful DBS outcome is a selection of appropriate
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Table 1 | Randomized Control Trials for DBS in PD

Authors & Year Location Groups n Primary Primary Outcomes Length Results
Outcome
Blinded?
Deuschl et al.” Germany & active: STN DBS 156 total No PDQ-39 & 6 mos DBS improved PDQ-39 by 25%,
Austria control: best medical 78 active UPDRS-Ill scores UPDRS-IIl scores by 40%
78 control
Weaver et al.’ USA active: STN or GPi 255 total Yes good quality on time 6 mos DBS improved good quality on
VA trial DBS 121 active (hours/day) time (> 4.6 h/day), > 56% motor
control: best medical 134 control improvements
Follett et al.’ USA STN vs. GPi DBS 299 total Yes UPDRS-IIl score 2yrs STN DBS reduced medication
VA trial 147 STN (on stimulation, doses but worsened depression
152 GPi off medication) and visuomotor
processing speed
Williams et al. ° UK active: STN or GPi 315 total No PDQ-39 scores 1yr PDQ-39 summary index (94%
PD SURG trial DBS 162 active improved), mobility, ADL, & bodily
control: best medical 153 control discomfort scores.
Okun et al." USA active: STN 168 total No good quality on time 3 mos 4 h good quality on time, >40%
St Jude trial sham: STN 101 active (hours/day) UPDRS improvement
35 control
Odekerken Netherlands STN vs. GPi DBS 128 total Yes weighted ALDS; 1yr Primary outcomes regarding
etal.”? 63 STN composite cognitive, disability equivalent; Secondary
NSTAPS study 65 GPi mood, behavioral score UPDRS motor outcomes: STN
better
Schuepbach Germany active: STN DBS 251 total No PDQ-39 scores 2yrs DBS improved PDQ-39 summary
etal.” & France control: best medical 124 active index, UPDRS parts II-1V, & good
EARLYSTIM trial 127 control quality on time
Vitek et al." USA active: therapeutic 160 total Yes good quality on time 3 mos UPDRS Il scores (off meds), PDQ-
INTREPID trial STN 121 active (hours/day) 39 summary index, & Schwab &
control: 39 control England scores
subtherapeutic
STN DBS

STN Subthalamic nucleus, DBS deep brain stimulation, PDQ Parkinson’s Disease Questionnaire, UPDRS Unified Parkinson’s Disease Rating Scale, GPi Globus Pallidus internus, ADL activities of Daily

Living, ALDS Academic Medical Center (AMC) Linear Disability Score.

patient candidates through an interdisciplinary evaluation process'". The
interdisciplinary team comprising a neurologist, neurosurgeon, psychiatrist,
neuropsychologist, rehab disciplines, and preferably also a social worker,
aims to evaluate whether the advantages of the surgery significantly out-
weigh the associated risks through a risk-benefit analysis. The inter-
disciplinary team also plays a key role in guiding the selection of the optimal
surgical target, such as the subthalamic nucleus (STN) vs. the globus pallidus
internus (GPi), as well as determining the most suitable hardware compo-
nents, including the choice between a rechargeable or non-rechargeable
device. Equally important is evaluating the support system available for
post-operative care. In addition, the team is responsible for providing
thorough patient education about the procedure and ultimately confirming
the patient’s candidacy for DBS (Fig. 1). Besides the disease related char-
acteristics, the patient selection process should consider factors such as
demographics (age, sex, race), response to levodopa medication, presence of
axial symptoms, nonmotor symptom burden (particularly cognitive and
psychiatric features), etiology of PD (genetic vs nongenetic), timing of
surgery, comorbidities, and results from brain imaging for final decision
making (Fig. 2).

Age: biological and not chronological matters

Although clinical studies haven’t established a precise cut-off point, age
remains a crucial factor to weigh when evaluating the balance between risks
and benefits. Most DBS centers are comfortable when the patient candidates
are under 70 or 75 years of age'’. Some studies found age at surgery cor-
related negatively with the clinical outcomes'. However, trials involving
older patients reported that these patients still benefit equally from surgery
without apparent further risks®. A retrospective study analyzing a large
market-based database found that older patients with PD (>75 years)
showed a similar 90-day complication risk (including postoperative
hemorrhage or infection) compared with younger counterparts'®. As the

elderly population continues to grow and life expectancy increases, along
with the rising acceptance of DBS therapy, real-world data on its use among
individuals in their late 80s or 90s is much needed. Such an analysis would
highlight that biological factor—including comorbidities, cognitive decline,
brain atrophy, and a high burden of levodopa-resistant symptoms—are
more critical for patient selection than simply considering chron-
ological age.

Sex, race, ethnicity and social structure: need for additional
counselling and support

Although PD is more prevalent in men, women appear to be at higher
risk for developing dyskinesias, potentially due to differences in levo-
dopa metabolism and lower body weight"”. Women with PD also tend
to report greater psychological distress, higher self-perceived dis-
ability, and lower health-related quality of life (QoL) at their initial
visits compared to men®. Despite this, multiple studies have shown
that women are significantly underrepresented in referrals for DBS*' ™,
comprising less than 25% of those evaluated”*”. Data from a Medicare
database further supports this disparity, showing that men, particularly
younger men, are more likely to receive DBS™, they may have greater
improvements in bradykinesia and levodopa reduction after STN
DBS”. Women tend to decline DBS more often as during midlife they
may face increased caregiving duties, occupational responsibilities,
and other competing demands, which may influence their willingness
or ability to pursue surgical options.

Racial and ethnic disparities are also evident in many studies”. For
example, in a National Inpatient Sample database study, Black (Odds
Ratio/OR 0.16), and Hispanic patients (OR 0.76) were significantly less
likely than White patients to undergo DBS, while Asian/Pacific
Islander patients showed no significant difference compared to White
patients™.
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Fig. 1 | Workflow for patient selection process for DBS: Potential consideration for
DBS is first initiated in the clinic. The next step is an interdisciplinary evaluation by a
team comprising a neurologist, neurosurgeon, psychiatrist, neuropsychologist,

Patient Selection Considerations
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rehab disciplines, and a social worker to discuss risks and benefits in individual
patients, provide education, and finalize candidacy. The final step for the selected
candidate is scheduling surgery.
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Fig. 2 | Factors involved in patient selection for DBS include, age, sex, race, levodopa responsiveness, timing for surgical consideration, axial and nonmotor symptoms

burden, genetic factors, comorbidities and social support.

While qualitative research will help understand the decision-
making processes, and barriers faced by underrepresented groups, in
clinical practice these patients would benefit from enhanced pre-
operative counseling, with more time devoted to discussing risks,
benefits, and postoperative expectations, as well as providing com-
prehensive education on DBS technology. Adequate and reliable social
support in such cases is essential. Care partners and families play a
critical role in helping patients manage the anxiety and stress

surrounding the procedure, ensuring timely attendance at appoint-
ments, recognizing and reporting potential DBS-related side effects,
and supporting recovery. Integrating social worker support into the
multidisciplinary care team can further strengthen care by connecting
patients and their care partners to relevant resources”, facilitate
seamless navigation through both preoperative and postoperative
phases and foster more equitable access to and engagement with DBS
treatment.
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Levodopa responsiveness: pre-surgical levodopa challenge
predicts short-term but not long-term outcomes

The motor responsiveness determined during the levodopa challenge
test, involving the administration of a single supra-threshold dose of
levodopa in the early morning following a 12-hour medication-free
period, can serve as a predictor for the motor outcomes following DBS’".
According to the CAPSIT-PD, the test should induce at least > 30%
decrease in the Unified Parkinson’s Disease Rating Scale, part III, motor
score”. A more significant response to levodopa, specifically in the range
of a 50% improvement, has been regarded as indicating a more favorable
outcome, particularly among patients undergoing STN DBS™. In keep-
ing with this hypothesis, a meta-analysis of DBS studies found that
UPDRS motor improvements after DBS correlated with the individual’s
response to levodopa challenge before surgery™. While the rule of > 30%
improvement with levodopa is helpful for patient selection, DBS is often
used to treat PD tremor, particularly when it is poorly responsive to
levodopa. In such cases, an incomplete levodopa response is a reason for,
rather than a contraindication to DBS treatment. The notion of motor
improvements with ~ 30% threshold may be seen as a simplified
interpretation®, as it’s uncertain whether such improvements observed
in the clinic extend to activities of daily living and QoL and whether the
degree of response can consistently forecast improvements in axial
symptoms such as gait slowness, gait freezing, postural instability, pos-
tural abnormalities, and speech disorders®™. However, it has been
demonstrated that the long-term outcomes with DBS do not consistently
relate to levodopa responsiveness. Even when pooling data from multiple
DBS centers there is a wide variability in individual responses to DBS,
suggesting that the levodopa challenge test has a limited role in the long
run”’. Furthermore, recent data investigating long-term outcomes of
DBS for 15 years after surgery show that levodopa does not predict
rigidity, and that DBS seems to lose its effects on bradykinesia™. These
results indicate that the current levodopa challenge might primarily
serve to identify non-responders, highlighting the importance of finding
better predictors.

Axial symptoms: technology may aid in quantitative preoperative
assessment

Axial symptoms typically emerge in advanced stages of the disease and
frequently exhibit resistance or a varied response to levodopa treat-
ment, presenting a challenge in their management. Levodopa is con-
sidered a double-edged sword, improving gait speed and step length as
well as turning and arm swing, but possibly worsening other walking
related skills, such as gait initiation and postural sway”. While STN
DBS can effectively address freezing of gait especially when levodopa
responsive*’™, postural abnormalities, such as camptocormia and Pisa
syndrome have reportedly improved even when there is poor or no
improvement after a levodopa challenge***. Assessing the impact of
DBS on freezing of gait presents unique challenges because of the
episodic nature of this clinical phenomenon. Advanced wearable
sensor technologies designed for home monitoring offer the potential
to assess axial symptoms in real-life settings longitudinally. For
example, in one study, kinematic assessment of gait preoperatively has
revealed connections between preoperative levodopa response metrics
—such as stride length and range of motion—and the freezing of gait
outcomes postoperatively”. Unfortunately, the quantification of these
parameters through kinematics remains largely confined to research
tools and has not been widely adopted in routine clinical practice. It is
important to recognize that long-term follow-up of PD patients
undergoing STN DBS reveals a gradual loss of benefit, particularly
concerning axial symptoms. In a large retrospective analysis of over
300 patients followed for 15 years, worsening of axial features was
noted, likely reflecting the natural progression of the disease. The study
identified preoperative axial scores, frontal dysfunction, and older age
at PD onset as significant risk factors for post-surgical progression of
axial impairment*.

Speech impairment is another common axial feature, which may not
respond to standard dopaminergic treatments. Research has shown that
DBS effects on speech are inconsistent, with both improvements and
declines noted across various measures. Studies on STN DBS frequently
report speech and language deterioration, including issues with naming and
verbal fluency. However, in a long-term follow-up of 25 STN DBS patients,
speech intelligibility stayed at the same level when compared with pre-
operative values”. In another GPi DBS study, while bilateral stimulation
worsened several aspects of speech, overall intelligibility remained relatively
stable®. In contrast, a recent meta-analysis of studies involving both STN
and GPi targets highlighted that long-term DBS therapy can worsen pho-
nation as well as articulation®. The implementation of acoustic analytical
technology for appropriate patient selection could enable a more detailed
and precise assessment of speech impairments, offering valuable insights for
treatment and monitoring strategies™. Similar to sensor-based gait assess-
ment, speech technology has not turned into a clinical reality for DBS
practitioners.

Patients with significant axial disability should be thoroughly coun-
seled on the lack of long-term benefits of DBS, with shared decision-making
empbhasized. It is conceivable that patients may achieve better outcomes
when offered preoperative physical, occupational, and speech therapy, an
approach of employing “prehab” or preventative rehabilitation.

Nonmotor symptoms: plan for setting expectations before
surgery

DBS has garnered increasing attention over the past decade regarding
its potential impact on non-motor symptoms (NMS) seen in PD
including cognition, neuropsychiatric features (depression, anxiety,
hallucinations), autonomic features, sleep, pain and fatigue. While the
DBS lead is intended to target the motor subregions of the STN or GPi,
the spread of electrical fields to the limbic and associative subregions
could potentially affect NMS in both beneficial and adverse manner. A
few uncontrolled and controlled studies observed that NMS improve-
ments could contribute to QoL enhancement™ . A systematic review
further emphasized that control of NMS is essential for patient satis-
faction with DBS therapy™.

Previous research found that STN DBS could worsen verbal fluency,
cognition, and mood, with some of these effects attributed to the reduction
of dopaminergic drug doses after DBS. However, certain NMS, such as
impulse control disorders, primarily linked to long-term exposure to
dopaminergic medications can improve when these drug doses are reduced
following STN DBS™. Recent studies also noted improvements across
various NMS—including sleep/fatigue, hallucinations, cardiovascular, gas-
trointestinal and urinary symptoms, three years following STN DBS™>***.
Such large-scale data on the impact of GPi DBS on NMS and how it relates to
patient satisfaction is not available.

Although there are no clear guidelines on how to precisely incor-
porate the burden of NMS into the patient selection process, caution
needs to be exercised when NMS predominantly contributes to the
disease burden. It may be helpful to ask patients to identify the three or
four most troublesome symptoms they hope will improve with DBS;
essentially, to “make a wish.” This can guide in setting goals, manage
expectations, and help tailor postoperative programming. Patients with
unrealistic expectations have been found to experience post-operative
psychological distress and social maladjustments™. Future studies
should focus on identifying the pathogenic networks that contribute to
the NMS and are responsive to DBS.

Genetic etiology: prediction of outcomes is not definitive

Genetic testing is becoming accessible and affordable in clinical practice in
many countries and may be used to inform DBS candidacy®'. In one study,
LRRK2-G2019S variant, the most prevalent variant associated with a phe-
notype resembling late-onset PD, characterized by frequent tremors and a
positive response to dopaminergic medications, demonstrated an excellent
response to STN DBS in over 85% of subjects””. In contrast, LRRK2-
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R1441G variant, characterized by more motor fluctuations, tremor, and
issues of postural instability revealed higher rates of unsatisfactory outcome
after STN DBS™.

Another important gene for DBS outcomes is the glucosylceramidase
B1 (GBA1) mutation, which typically presents at an earlier age, follows a
more aggressive disease course, and carries a higher burden of neu-
ropsychological issues**. Notably, severe variants like p.L444P have been
linked to an elevated risk of disease, an earlier onset age, and more pro-
nounced cognitive dysfunction when compared to less severe mutations
such as p.N370S”. A recent retrospective multicenter study involving 366
PD patients found that individuals with GBA1 mutations treated with STN
DBS experienced a more pronounced or accelerated decline in cognitive
scores when followed longitudinally after surgery®. Although cognitive
decline post-surgery did not necessarily imply the onset of dementia, these
findings were indeed concerning. The authors postulated that STN might
not be an optimal target for GBA1-positive patients, and analysis of cere-
brospinal fluid biomarkers, such as glucocerebrosidase activity levels, could
potentially uncover the pathogenic mechanisms. In contrast, a recent
multicenter study from Italy found that despite a selective decline in cog-
nitive scores three years after DBS, most GBA-PD patients had not devel-
oped dementia by the five-year follow-up. In this cohort, 92% received
bilateral STN DBS, while the remaining 8% were treated with GPi. The
authors concluded that DBS continues to be a valid therapeutic strategy for
patients with the GBA1 mutation®’. While some suggest that GPi may offer a
safer cognitive option in such situations, data from large cohorts is still
pending.

A mutation of the Parkin gene, which is the most common genetic
mutation associated with young-onset PD presenting before age 50 has been
linked to an increased frequency and severity of impulse control
behaviors””'. In a cohort of 40 patients with Parkin mutation who
underwent STN DBS, the majority experienced significant improvements,
with only 15% reporting unsatisfactory outcomes at a shorter-term follow-
up of 2 years. However, at longer follow-up ranging from 2 to 6 years, nearly
a third of patients reported an unsatisfactory response®. Many other forms
of genetic mutations have been linked with the pathogenesis of PD. In a
recent systematic review, comprising 135 patients with diverse genetic
mutations, most patients showed marked or satisfactory response in the
short term with few adverse events reported”. Despite an increasing
awareness for the role of genes, considering the body of evidence, definitive
conclusions cannot be drawn.

Timing of DBS: consider early

For many years, DBS was offered to individuals with advanced PD,
experiencing severe motor complications with an average disease
duration of 12 to 15 years. However, findings of a pivotal EARLY-STIM
trial demonstrated the clinical benefits of employing DBS earlier when
motor complications were present for four years or less””. These findings
prompted a paradigm shift in approach as an earlier intervention would
conceptually prevent motor, social, and psychological disability and
thereby provide a much better QoL. The FDA in the United States
extended the indication for DBS to patients with “of at least 4 years
duration and with recent onset motor complications, or motor com-
plications of longer-standing duration that are not adequately con-
trolled with medication.” Although the EARLY-STIM data is
compelling there are several considerations that need attention. An
important concern is the risk of subjecting patients with atypical par-
kinsonism to unnecessary DBS, as early in the course, differentiation of
the two forms of parkinsonism can be challenging”’. However, the
longitudinal follow-up of the EARLY-STIM cohort found that the
diagnosis of PD was switched to atypical parkinsonism in only a small
percentage of patients’. Then, a shorter disease duration accompanied
by a greater and faster burden of disability can sometimes be indicative
of severe GBA1 gene variants, which may impact clinical outcomes.
Finally, an early DBS intervention poses a risk of selecting patients with
motor fluctuations that would have otherwise remained mild for a long

time, given a slow trajectory of progression. These critical concerns
highlight the need for a detailed interdisciplinary discussion and the
importance of shared decision making with the patient when discussing
the potential benefits of early DBS.

Target Selection

Although STN target is more frequently selected, during the era of lesioning
procedures, GPi was widely targeted to address the motor symptoms.
Historically, in 1993, Pollak and Benabid decision to pursue STN DBS was
primarily driven by data from preclinical studies””*. Although Siegfried and
Lippitz identified the GPi as a potential DBS target as early as 1994, initial
enthusiasm was limited; largely due to the perception that bilateral STN DBS
offered more robust and sustained control of PD symptoms, with less
attenuation of benefits over time, leading to greater preference for the STN
target in clinical practice’”®. Now it is well accepted that each target indeed
presents unique benefits (Fig. 3).

Medication reduction: STN scores over GPi

The use of bilateral STN stimulation is accompanied by a significant
reduction of medication doses. The majority of randomized STN DBS
studies indicate about 50% or more reduction in dopaminergic medication
dosage. For instance, in the NSTAPS study, medication decreased from a
median levodopa equivalent daily dose (LEDD) of ~1200 mg at baseline to
~600 mg at the 3-year mark”. In another prospective 5-year study involving
the initial 49 consecutive patients treated with bilateral STN DBS, Krack et
al. reported a significant reduction in LEDD from ~1400 mg at baseline to
~500 mg at the 5-year follow-up®. This decrease in dopaminergic medi-
cations effectively addresses challenges like excessive levodopa-induced
involuntary movements, as well as complications related to dopamine
dysregulation syndrome and impulse control disorders, which are parti-
cularly common in younger patients. Unlike STN DBS, GPi DBS is generally
not associated with a significant reduction in dopaminergic medication
dosage.

Tremor control: should the target be STN, GPi or an alternative
(Vim/Zona incerta)?

Tremor is a prevalent feature of PD, impacting nearly 80% of patients at
some stage of the disease®. A severe rest tremor in PD can lead to sig-
nificant social anxiety, and STN DBS is often perceived as offering
superior symptom management. However, a meta-analysis of tremor
outcomes revealed comparable benefits from both STN and GPi
stimulation®”. While action tremors affecting the arms likely have a greater
deleterious impact on daily functioning from a practical standpoint. Most
studies in literature evaluated DBS effects on rest and action tremors
combined. A recent study specifically investigating the effects of DBS on
action tremor found that both GPi and STN DBS resulted in similar
tremor control at one-year follow-up, but the clinical benefits of GPi DBS
tended to manifest more slowly*’. Although PD tremors respond well to
both STN and GPi DBS, residual tremors may persist despite multiple
programming sessions. Ventral intermediate nucleus (Vim) has been
found to improve PD tremor with benefits reportedly as high as 70%
improvement®’. Some DBS centers therefore consider simultaneous dual
implantation in both the GPi and Vim as a preferred strategy for patients
dealing with severe tremors®. Others have found dorsal STN or zona
incerta to be a potent alternate target for controlling PD tremor™. In one
study, albeit small, unilateral zona incerta DBS was found to improve PD
tremor by nearly 80% at 18 months of follow-up®’.

Bradykinesia and rigidity (STN same as GPi); dyskinesia (GPi
scores over STN)

GPi target has a simpler approach for programming and has been linked to
better maintenance of gait and cognitive function compared to STN DBS'.
On the other hand, one study found that the extent of improvement in off-
period bradykinesia with STN DBS seems to be somewhat better than GPi
DBS”. Nevertheless, overall data from large-scale randomized studies
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Fig. 3 | Subthalamic nucleus (STN) and globus pallidum internus (GPi) are two main
DBS targets. The sweet spot that leads to optimal control of symptoms is located in
dorsolateral STN and posteroventral GPi. Bradykinesia, rigidity, and tremor

symptoms listed in blue occur to similar extents with DBS targeted to both STN and
GPi. Target-specific clinical benefits are listed in orange.

involving more than 500 patients has conclusively shown that both targets
offer similar long-term benefits in terms of bradykinesia and rigidity. There
is a notable enhancement in motor fluctuations resulting in reduced off-
time and increased on-time, (Table 1) and that the improvements are
accompanied by an acceptable adverse effect profile. Studies including
randomized trials listed in Table 1 have shown that GPi DBS has the cap-
ability to directly suppress dyskinesia (60% to 70% improvements), which is
something not observed with STN**,

Alternative targets for treating axial symptoms and cognitive
impairment

Axial burden in PD is known to worsen with disease progression. Several
strategies have been adopted to address axial symptoms but with incon-
sistent outcomes”’. One example is DBS targeted to the pedunculopontine
nucleus (PPN) area, a rich cholinergic source that initially garnered sig-
nificant attention as a promising approach to address gait and balance
disturbances’". Initial studies indicated that both unilateral and bilateral
PPN could improve gait freezing and some were observed to improve other
axial features including falls’’. However, further evaluations found that the
extent of improvement varies, that benefits are often not sustained, and that
it is unclear whether such partial benefits on gait and balance are clinically
meaningful as assessment of QoL was rarely reported. It is well known that
defining the boundaries of PPN, a part of the mesencephalic locomotor
region can be challenging™, and the precise neuronal population requiring
targeting is still unknown™. Therefore, despite more than 20 years of history
of the use of PPN DBS in patients with PD, the cohort of implanted patients
worldwide remains limited. In addition, only a few centers have generated

the bulk of the cases and published literature”™**. Some studies that pursued
simultaneous or separate stimulation of the STN and the substantia nigra
pars reticulata (SNr) located in the midbrain (known to control locomotion)
found improvement in freezing of gait but not in balance”. One study found
that SNr stimulation alone could not improve freezing of gait when com-
pared to STN stimulation alone or STN combined with SNr stimulation™.
The inconsistency in results could be attributed to the limited precision of
currently available imaging sequences combined with the small size of the
targeted nuclei. Alongside the PPN, the nucleus basalis of Meynert (NBM)
in the basal forebrain has been studied as a DBS target to enhance choli-
nergic tone and improve cognition. While a few randomized controlled
trials””® have found NBM-DBS to be well tolerated, they have not
demonstrated cognitive improvement even after follow-up for one year”

and three years'”.

Role of imaging in target selection

There is no doubt that simply selecting an appropriate target may not
be adequate for achieving a successful outcome with DBS. In recent
years, neuroimaging advances have led to substantial enhancement of
the precision and clarity of target visualization. For instance, the STN
target, often challenging to visualize on routine T2-weighted MRI
sequences (used for surgical planning), especially its ventral border
towards the substantia nigra, can now be better delineated through the
application of quantitative susceptibility mapping on gradient-echo
sequences. This technique, highly sensitive to iron, notably improves
the visualization of the STN'"'. Additionally, the internal medullary
lamina, which separates the GPi and globus pallidus externus and is
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frequently not visible on routine T1-weighted sequences, can be more
effectively visualized using a fast-grey matter acquisition T1 inversion
recovery sequence'”.

Besides these developments relating to MRI sequences, the avail-
ability of ultra-high field 7T MRI at many DBS centers shows promise in
further improving target selection as it can visualize intrathalamic
nuclei and other smaller basal ganglia subregions that are not possible
with the current 3 T technology'”. There is also growing enthusiasm
and experience in employing diffusion tensor imaging and tractography
to target specific white matter tracts involved in pathogenic networks'*.
However, these dense white matter bundles have crossing fibers speci-
fically at the STN’s periphery, making it challenging to use diffusion
MRI for direct STN targeting. Nevertheless, using optimized MRI
sequences (30 diffusion gradients or higher, applying multiple b-values,
and a voxel size 2 mm), in combination with tractography can visualize
the white matter tracts in the STN region (and its surrounding fibers
system)'”. In one study, a greater improvement in PD tremor was
observed when the distance of the DBS electrode from the crossing fibers
of the dentato-rubro-thalamic tract was smaller'”. Similarly, another
tractography-based study suggested that the therapeutic effects of STN
DBS may, in part, be due to the stimulation of nearby white matter
tracts, such as the dentato-rubro-thalamic tract, rather than just the
targeted structure itself'”.

Microelectrode recording for target mapping

DBS centers can utilize microelectrode recordings (MER) on 2 or 3
parallel tracks simultaneously, starting approximately 5-10 mm above
the calculated target depth, to capture multiunit activity, which reflects
the summed neuronal activity within a 50-350 pm radius of the micro-
electrode tip'®. After outlining the anterior and lateral borders of the
STN or the posterior and medial borders of the GPi through these
recordings, macroelectrode stimulation can be applied along the track
with the longest section or strongest signal of target activity, while
assessing symptom reduction and adverse effects of stimulation. Inter-
pretation of electrophysiological patterns during MER often depends on
the expertise of a neurophysiologist, introducing the risk of subjective
bias. Additionally, both single- and multi-unit recordings are vulnerable
to ambient noise, and signal distortion from fluid in the electrode track'”.
Many emerging solutions integrate MER data with oscillatory activity in
specific local field potential (LFP) frequency bands (LFPs discussed later
in the sensing technology section). For example, advanced algorithms
like HaGuide, integrated into the Neuro Omega and NeuroSmart MER
systems are now available for clinical use. The system quantitatively
displays background noise changes and plots dominant LFP frequencies
along the MER trajectory thus enabling real-time detection of subregion
boundaries within the STN, specifically distinguishing the motor dor-
solateral oscillatory region from the nonmotor ventromedial non-
oscillatory region. Based on LFP analysis, the algorithm can also
recommend the optimal location for maximal therapeutic benefit'".
While this novel approach to MER is certainly beneficial, further vali-
dation and real-world implementation of these advanced systems remain
necessary.

While traditionally, DBS is performed with the patient awake under
local anesthesia to allow for physiologic mapping of the target nucleus,
intraoperative test stimulation to assess clinical benefit, and identification of
motor or sensory “off-target” effects, some patients may poorly tolerate
awake surgery due to anxiety, being off medication, or fatigue from pro-
longed testing. With advancements in preoperative imaging and the avail-
ability of intraoperative MRI there has been growing use of asleep DBS
performed under general anesthesia'''. Meta-analyses of DBS outcomes
have found no significant differences in clinical efficacy between asleep and
awake surgical techniques''"”. An important consideration is that LFPs can
be affected by propofol anesthesia; dexmedetomidine may be a more sui-
table agent for general anesthesia, as it better preserves neurophysiological
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signals' ",

Hardware Selection

DBS technology has evolved primarily from cardiac pacemaker technology.
After the inception of the ‘modern” DBS era in the late 1980s, DBS tech-
nology experienced relatively little advancement for nearly two decades.
Though quadripolar electrodes were accessible at certain centers in the
1970s, the electrodes first used in Grenoble had just one contact at the tip,
and chronic stimulation was achieved through radiofrequency coupled
coils'**. Initially, hardware technology primarily addressed concerns related
to implantable pulse generator (IPG) or battery like bulky battery size, short
battery life, and frequent battery replacements'”. Nevertheless, in recent
years, there has been a notable change, with multiple manufacturers of DBS
technology entering the global market for clinical use (Medtronic, Boston
Scientific, Abbott, PINS, SceneRay). This development has spurred inter-
national competition, leading to a rapid acceleration in technological pro-
gress within the field'". Each hardware system has both overlapping
(common) and distinctive unique features (technical specifications pre-
sented in Table 2). The choice of a DBS hardware system for an individual
patient is ultimately influenced by patient-specific factors, the planned
anatomical target, accessibility to full-body MRI, and the preferences of the
treating neurologists and neurosurgeons'"”.

Considerations for DBS lead specifications

DBS leads have electrodes consisting of platinum-iridium wires that have
minimal toxicity and excellent conduction properties. DBS leads are avail-
able in various designs such as traditional quadripolar electrode, directional
electrode, and multi-electrode configurations. The number of contacts,
electrode length, and interelectrode spacing are important factors that allow
precise targeting of different anatomical structures during stimulation
therapy. Leads with 0.5 mm inter-electrode spacing may be used for smaller
targets such as the STN which measures approximately 6-8 mm in the
anterior-posterior direction, 9-11 mm in the mediolateral direction, and
3-5mm in the dorsoventral direction. Whereas in GPi target that has
approximate dimensions of about 10-12mm in the anterior-posterior
direction,15-18 mm in the mediolateral direction, and 4-6 mm in the
dorsoventral direction, leads with inter-electrode spacing of 1.5 mm may be
preferred. The new directional leads are like traditional omnidirectional
leads, featuring four vertically spaced cylindrical contacts. However, the two
center contacts are divided into three segments, each spanning roughly 120°
radially. These segments can either be activated together for omnidirectional
spherical or ring stimulation or individually to steer stimulation in a cone-
like pattern. This design theoretically enhances DBS programming by
directing stimulation toward therapeutic targets especially in smaller or
more complex target areas, improving the effectiveness of symptom relief in
PD and avoiding areas that may cause side effects, thereby widening the
therapeutic window (discussed later in Programming section). When pla-
cing directional leads, it may be required to insert the lead deeper than usual
to ensure that the second and third levels of contacts, which include the
directional contacts, are positioned within the target region'"®. Using the
linear, 8-contact lead instead of the traditional quadripolar lead offers the
opportunity for a multi-target approach, which may enable addressing
multiple PD symptoms. For e.g,, in one study, the 8-contact linear lead was
employed to stimulate the zona incerta dorsal to STN to alleviate dyskinesia
and tremor and stimulate the substantia nigra pars reticulata ventral to STN
to enhance gait and balance. The study found a slightly more favorable
patient global impression of change when comparing 8-contact linear lead
with 4-contact standard lead'"”. Early this year, the FDA approved Boston
Scientific’s 16-contact directional leads; Cartesia X (6 levels, 11.5 mm) and
HX (8 levels, 15.5 mm). These leads offer multi-level directionality (more
directional span), enabling full coverage of the STN, GPi, and Vim, as well as
the white matter tracts beneath the Vim. It is worth noting that while new
lead designs offer greater flexibility and precision in programming, the
expanded parameter space and options with newer electrode models may
also impose a significant time burden. The higher number of electrodes in
directional systems has led to a 1680-fold increase in electrode permuta-
tions, increasing programming complexity' .
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Choosing rechargeable vs. non-rechargeable battery

Battery longevity refers to the duration for which a single IPG can effectively
deliver the required current before needing surgical replacement. Non-
rechargeable (primary cell) batteries typically last 3-5 years, depending on
usage. However, high continuous stimulation settings, such as those often
required for PD patients with significant dystonia (e.g., high pulse widths),
can drain the batteries more quickly. Implantation of a rechargeable IPG
extends battery longevity, reducing the need for surgical replacement and
thereby alleviating both economic and psychosocial burdens. Rechargeable
IPG devices, which were first introduced in 2008 and have a predicted
lifespan of 15 or more years are now offered by most manufacturers (Table
2). Rechargeable devices have the potential to reduce the need for frequent
battery changes, consequently lowering costs associated with multiple sur-
gical procedures. In one study conducted at a single center, the utilization of
a rechargeable IPG (specifically, the Activa RC device) over a 9-year period,
aligning with the initially approved lifespan of the device, led to cost savings
totaling $60,900 per patient'”'. Additionally, rechargeable IPGs potentially
decrease the likelihood of hardware infections associated with multiple
surgeries'*'’. The latest rechargeable IPGs available for commercial use are
lighter, smaller, and designed with smoother contours and some can offer a
lifespan of about 25 years (For eg Boston Scientific Vercise Genus™ system).
The reduced profile of rechargeable IPGs, compared to non-rechargeable
ones, could further improve wound healing and cosmetic results. Although
the newer rechargeable IPGs require relatively superficial implantation (1 to
1.5 cm beneath the skin surface) to facilitate easy recharging'”, this may
increase the risk of skin erosions and cosmetic complications, particularly in
thinner patients, potentially negating the benefits of the smaller device size.
In the multicenter, open-label trial assessing IPGs (Multi Recharge Trial),
failed recharges occurred in 8.7% of patients, only 3.6% experienced a
therapy interruption; surgical revision and infection rates were 4.1% and
2.1%, respectively'*.

When deciding between a rechargeable and non-rechargeable IPG,
factors such as the reliability in regularly recharging as the process may not
be easy and convenient for all patients particularly those with advanced age
and cognitive problems'”. Then some patients find pairing the charging pad
and IPG difficult. They feel “tethered” during charging as the current
rechargeable IPGs require a minimal distance between the charging pad and
the IPG during the charging session'**'”’. However, according to patient
experience reports, the vast majority of patients including individuals with
dystonia and PD found the process easy, and the incidence of adverse events
and temporary interruptions in therapy was low'”. In the Multi Recharge
Trial, 93.8% of users reported feeling confident recharging their devices,
with overall convenience rated as “easy” with average weekly recharge time
of about 2h"*.

MRI safety: an important factor from long-term perspective

The primary dangers for patients with DBS devices undergoing MRI
include heating at the electrode tips, induced currents, IPG dysfunc-
tion, and mechanical forces, all of which arise from exposure to mag-
netic fields and magnetic forces during the scan. It has been found that
more than 70% of patients will need an MRI within 10 years of DBS
implantation due to either comorbidities or device complications'”.
Many of the newly introduced Medtronic IPGs that have been tested in
3.0-T MRI environments are found to be MRI-conditional when
eligibility criteria are fulfilled. Choosing specific MRI parameters, such
as gradients, coils, radiofrequency pulses, and scan time, along with
turning off the DBS device, are some examples of the eligibility criteria
to mitigate risks. Medtronic, Boston Scientific and Abbott provide DBS
leads and IPGs that are deemed as MRI safe when certain conditions
are met (conditional approval). Patients must be informed about the
potential risks before subjecting them to the scanning procedure.
Medtronic devices also offer the unique ability to conduct MRI even
with DBS turned on. Thus, patients with significant tremors or dys-
kinesia with DBS turned on can stay still in the scanner.

Accessibility and affordability

Finally, the preferences and familiarity of the surgical and neurology teams
with specific DBS systems and accessibility to the chosen DBS system,
including the availability of devices and support services, may also vary
based on geographic location and healthcare infrastructure can influence
the choice of devices. For example, the PINS and SceneRay DBS systems,
both manufactured in China, are primarily available in select Asian
countries.

Overall, the choice of hardware should be tailored to the specific needs
and preferences of each patient, considering factors such as anatomical
considerations, patient characteristics, and the expertise of the treating
medical team. Collaborative decision-making involving the patient, neu-
rologist, and surgeon is essential to ensure optimal outcomes and patient
satisfaction with DBS therapy.

Programming Selection

DBS programming begins once lead placement is confirmed, and
hardware integrity is ensured through impedance check (resistance
encountered by electrical current). Because of the potential confounding
effects of the microlesion effects such as the acute impact of local brain
tissue manipulation with the electrode, along with the occurrence of
micro-hemorrhages or edema that can lead to transient motor
improvement—programming usually begins 3 to 4 weeks after lead
implantation. The traditional method of identifying optimal contact
with suitable stimulation parameters has been found to be time-con-
suming, involving numerous trial-and-error iterations and requiring
expertise, experience, and patience'**”'. The conventional approach
lacks precision and may sometimes result in the delivery of excessive
stimulation doses, leading to unwanted side effects such as speech dys-
arthria, freezing or stimulation-induced dyskinesia. While brief pro-
gramming sessions can capture acute side effects, they may fail to
identify the full range of side effects that could emerge with chronic
stimulation. Recent advancements in programming techniques have
enabled the idea of delivering the “Goldilocks dose” of precise and
personalized DBS therapy. The new systems have wider flexibility in
parameter selection to enable efficient programming. For example, the
expansion of pulse width ranges and the ability to use various fre-
quencies (both low and high) within a single lead has substantially
increased flexibility of addressing both appendicular and axial symp-
toms while mitigating side effects. The electrical field can be steered
horizontally perpendicular to lead shaft or vertically along the length of
the lead (multiple independent current control or MICC, Coactivation,
Optistim) allowing various configurations and patterns of stimulation.
In one STN DBS study, the use of short pulse widths was found to
improve speech intelligibility'**. In another study, the use of short pulse
widths, directional steering, or both resulted in significant and lasting
improvements in dysarthria, dyskinesia, and pyramidal side effects at six
months, while maintaining effective motor symptom control'*’. Another
study found the use of interleaving stimulation of dorsal STN lead to
improvement of dyskinesia'**.

Other advances include image-guided programming to reduce the
time required to achieve treatment goals and tele-programming to poten-
tially reduce the patient or caregiver burden. Sensing technology or
physiology-guided programming and adaptive DBS are now possible in the
clinic for optimizing treatment outcomes and delivering the right amount of
energy efficient stimulation. Finally advances in machine learning, artificial
intelligence and automated programming are valuable tools in the pipeline.
The section below discusses the various exciting technologies now available
in the DBS clinic. It is also important to note that while evidence regarding
efficiency and the best practice approach for programming is beginning to
build, concrete data is still lacking, as most new programming studies are
small, have short follow-up periods, and offer limited proof of superiority
over conventional programming, aside from initial time savings during the
first session.
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Steering of current with directional programming and fractiona-
tion of current

The eight-contact directional leads feature segmented contacts at the
middle levels, arranged in a circular formation, allowing programmable
axial steering of current for more precise control and improved ther-
apeutic outcomes'”. Directional programming is used when the
threshold for stimulation-related side effects is low or the therapeutic
window (the range of currents that produce beneficial effects with
minimal or no adverse effects) in the typical target area is less than
2 mA. In these cases, programmers often prefer segment mode (where
electrical current is delivered directionally through individual segment
contacts) over ring mode (where current is emitted omnidirectionally
through all three segments of the contact). Programmers also opt for
directional leads when programming parameters established during
surgery cannot be directly applied postoperatively in the clinic to
aspects such as gait, cognition, or behavioral disturbances, as these
clinical features cannot be assessed intraoperatively. Moreover, if a DBS
lead is implanted under general anesthesia, clinical features like dys-
arthria cannot be evaluated intraoperatively'”. Caution should be
exercised when transitioning from ring mode to segment mode. Smaller
electrodes are linked to higher charge density. Therefore, intensity
adjustments will be necessary with smaller step-size increments (ran-
ging from 0.1 to 0.3 mA compared to the traditional 0.5 mA), and plans
should ensure that no more than ~ 3.4 mA per contact is delivered.
Additionally, activating multiple adjacent segmented electrodes can
reduce directionality, as the electrical current tends to flow out through
the electrode edges, creating a broader electrical field than the electrode
surface itself'"”"*’. The utilization of directional systems has been
observed to decrease the current needed for experiencing clinical ben-
efits while simultaneously raising the threshold for side effects'”’. Thus
far, studies have shown that the therapeutic current requirements are
reduced by around 40% or more and the therapeutic window is
increased by approximately 40% or more'**'*". While there is no clear
evidence supporting increased efficacy with the use of directional sys-
tem, one study conducted in patients with essential tremor suggested
that power consumption could be reduced when comparing directional
against omnidirectional stimulation'".

The MICC feature in the Boston Scientific system allows each contact
to operate with a separate current source, facilitating the simultaneous
fractionalization of current across multiple electrodes. Fractionation of
current can be applied when addressing multiple clinical features that
usually respond to distinct stimulation settings and require current delivery
to specific subregions—such as low-frequency stimulation of the ventral
STN for gait and high-frequency stimulation of the dorsal STN for tremor.
The coactivation feature in the Abbott system permits the stimulation of
multiple contacts together, effectively treating them as a single electrode.
Meanwhile, Medtronic’s OptiStim feature allows for unique amplitude
values to be assigned to each electrode. These features enable a better spatial
precision of current delivery.

Image-guided programming: navigation aid for faster
programming

Visualization tools have been developed to facilitate an “image-guided”
programming approach, utilizing patient-specific anatomy reconstructed
from MRI and co-registered with post-operative CT images displaying
implanted leads. Examples of such tools include Medtronic Sure Tune™ and
Boston Scientific STIMVIEW™-XT (or their latest Illumina 3D Al pro-
gramming software). Imaging tools create a 3D model presenting the leads
in relation to the predicted brain structure from preoperative processing.
This functionality provides surgeons with feedback on the final lead location
compared to the surgical plan and informs programming neurologists about
lead location and contact orientation relative to anatomical and physiolo-
gical targets, simplifying programming complexity'*’. Image-guided navi-
gation during programming'**'** can be compared to the convenience of
using a “GPS system” while driving a car. Just as a GPS guides the driver

along the best route to their destination, image-guided navigation aids
clinicians in accurate programming by offering clear guidance based on
patient-specific anatomy. Additionally, the visualization tools allow mod-
eling of the volume of tissue activated generated by various stimulation
settings to identify the contact locations with the highest probability of
success (maximal benefits and minimal side effects). Indeed, these tools have
led to more efficient programming sessions by reducing programming time,
minimizing patient discomfort, and alleviating burdens for clinical staff.
Recent research indicates that the time required for programming decreased
by almost half (reduced to almost 20 min from 45 min)'* when employing
these semi-automated or automated methods for registering MRI and CT
data, segmenting the STN, detecting leads, and generating volume of tissue
activated'. In a recent study, a machine learning-based model utilizing
imaging metrics was developed to automate the selection of stimulation
parameters. This approach aims to achieve optimal motor improvement
while minimizing the risk of stimulation-induced side effects'’. However,
there are potential limitations that one must take into consideration. These
methods may not fully integrate individual electrode impedances, axon
orientation, and brain tissue inhomogeneity. Additionally, factors like axial
rotation or vertical migration of the DBS lead post-image acquisition could
impact the accuracy of these tools.

Tele-programming: convenience with caution

Tele-programming offers DBS care to patients in remote areas, those facing
mobility challenges, and those lacking caregiver support. Through tele-
medicine, clinicians can remotely adjust stimulation parameters based on
clinical symptoms, troubleshoot issues, and all clinically approved DBS
systems allow for remote checking of impedance and neurostimulator
battery status'. Clinicians can unlock a specified range of stimulation
parameters that patients can adjust using the patient programmer at home,
with or without direct clinician advice. Alternatively, patients can select
between multiple programs or groups with different parameters, empow-
ering them to make minor adjustments within preset ranges or switch to
another program or group with different preset programming parameters
using a patient programmer. The Neurosphere™ Virtual Clinic platform
offered by Abbott Inc. through their Infinity™ DBS system is a further step
ahead as clinicians can remotely program new stimulation settings as if the
patients were in the clinic. The platform ensures patient privacy with
multiple layers of protection and encryption. Patients must approve clin-
ician access at the start of each session and retain control to pause or end the
session and in case of internet disruptions, the system reverts to a secure
“recovery program”'¥.

While remote adjustment of DBS parameters can reduce the need
for clinic visits and the burden and cost of traveling, one study found that
self-adjustment was unexpectedly associated with a longer time needed
to optimize programming and a higher rate of stimulation-induced side
effects, as patients persistently changed parameters in attempts to
improve their clinical condition'. Therefore, it is crucial to provide
education on using the patient controller and telemedicine platform.
Additionally, during a tele-programming session, ensuring a high-speed
broadband internet connection, providing an open examination area,
ensuring privacy and safety, and encouraging patients to compile a list of
medications and DBS-related symptoms or concerns to discuss are
essential steps.

Sensing technology: potential application for identifying optimal
contact for stimulation and for adaptive DBS

LFPs are generally considered to be caused by the sum of excitatory and
inhibitory postsynaptic currents within a specific tissue volume surrounding
the DBS electrode, with minimal contribution from the recorded discharges
or action potentials of the activated neurons. Various factors, including
neuronal and synaptic sources, recording volume, electrode surface, and
electrode-tissue interface impedance, can influence LFPs. With recent
advances in sensing technology, it is now possible to conduct in-clinic as well
as at-home monitoring of LFPs and deliver precise stimulation doses of DBS
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to effectively regulate these signals. Newer DBS systems for clinical use
(Percept PC™ and Percept RC™, Medtronic, USA) have ‘sensing’ (use of
the stimulation electrodes as recording systems to capture LFPs) capabilities
for real-time monitoring of neural activity and providing valuable insights
into the brain’s electrical activity. Another DBS system currently used in
research is the Newronika AlphaDBS, which features sensing technology
capable of recording noise-free LFPs even during active electrical
stimulation'”".

Numerous studies have demonstrated that peaks in the beta band
(13-30 Hz) often correlate strongly with bradykinesia and rigidity.
Reductions in beta power in response to oral medications or DBS is used
for dose titration and programming'**'**. The ability to chronically and
objectively sense physiological signals offers numerous benefits, such as
gaining a deeper understanding of the disease state and traits, mon-
itoring the effects of medication wash-in and wash-out periods (ON-
OFF cycling), insights into how circadian rhythm variations could
impact ON-OFF cycling, and identifying potential issues with medi-
cation compliance'”. Peaks in the theta (4-8 Hz) and alpha (8-12 Hz)
bands correlate with tremor'. Monitoring theta or alpha peaks can
help troubleshoot breakthrough tremor but sometimes these low-
frequency bands can also be seen in patients with levodopa-induced
dyskinesias'”. The higher frequency band or the gamma band
(30-90 Hz) has been found to correlate with levodopa-induced dyski-
nesia. A recently published study from 2025 examined finely tuned
gamma (FTG) activity that has two distinct spectral patterns: a
levodopa-induced signal (70-90 Hz) and a stimulation-entrained signal
athalfthe DBS frequency (e.g., 62.5 Hz with 125 Hz stimulation). In this
study, FTG recorded over several weeks from the implanted leads in the
STN using the Percept™ PC system demonstrated a reliable correlation
with dyskinesia, as measured by wearable sensors and patient-reported
diaries”™’. Another study found that cross-frequency interactions
between FTG oscillations and the stimulation frequency may facilitate
dynamic neural processing that contributes to motor symptom relief
within the targeted network'”. The use of sensing technology to capture
various LFPs may help guide optimal electrode contact selection. While
sensing technology marks a significant advance, it comes with limita-
tions. LFP peaks may lack disease and symptom specificity; beta peaks
can appear in both PD and essential tremor, while theta activity may
relate to tremor or tics. There may be challenges related to the low
sampling rate for the device, and the difficulties in interpretation
because of stimulation, movement, or EKG artifacts'*’. Finally, long-
term LFP monitoring may drain battery life, however the use of
rechargeable devices could mitigate this challenge.

Adaptive DBS (aDBS), which adjusts therapy in real time based on
physiological signals, offers more efficient symptom control with fewer
side effects by aligning stimulation with the patient’s clinical state and
avoiding unnecessary stimulation. While steering technology enhances
spatial precision, aDBS provides temporal precision. These physiolo-
gical signals can be recorded not only from DBS electrodes but also
through electrocorticography from cortical regions™”", as well as
peripherally using wearable sensors (especially tremor)'”. Most studies
to date have involved LFPs recorded from the STN. Although visuali-
zation of the LFP peaks may not be possible in all individuals, in the
ADAPT-PD trial (n=68) that enrolled both STN and GPi DBS
receiving Medtronic Percept™ PC system usable LFP signals (8-30 Hz,
> 1.2 uVp) were identified in 84.8% of patients on medication (65%
bilateral) and 92% off medication (78% bilateral)'®’. Fast adaptation
may better manage bradykinesia and speech effects, while slow adap-
tation may be more effective for dyskinesias'*"'*’. Though still evolving,
growing clinical evidence supports aDBS as a promising strategy to
improve outcomes, reduce adverse effects, and conserve device energy.
PD aDBS studies that used beta band as the feedback signal and pub-
lished their final results are illustrated in Table 3. While no major side
effects were reported, these studies have involved small samples of STN
DBS with limited follow-up*'*""'°, It should be noted that these

studies mostly used a broader beta band as the feedback signal for aDBS.
Some consider that low beta band (13-20 Hz) may reveal a better
correlation with PD motor features and some experts advocate using
the individual beta peak or beta-related movement-modulation fre-
quency as a critical feedback signal, as even slight deviations from the
selected target frequency can significantly alter the timing of stimula-
tion onset in aDBS'”’.

Another important point for aDBS is that the rapid shift in voltage or
frequency driven by the feedback signal could be perceived to be uncom-
fortable or intolerable for patients receiving chronic stimulation. In the
ADAPT-PD trial, two beta-driven aDBS modes driven by fast and slow
changes in beta power were tested: single threshold, which adjusted sti-
mulation rapidly (within 250 ms), and dual threshold, which changed sti-
mulation more gradually (ramping up over 2.5 min, ramping down over
5 min). The study found that even though at least one mode was reported to
be acceptable (88% of patients) as they received aDBS over a period of 60
days, more patients showed a preference for the slower dual threshold
mode'”*.

With the FDA approval of the BrainSense™ aDBS system in early 2025
(some countries like Japan had aDBS available earlier), clinicians can now
implement automatic stimulation adjustments based on real-time beta
signal feedback for managing PD symptoms. The new system can trigger
DBS even when brain rhythm feedback arises from the contralateral STN or
GPj, offering greater flexibility in sensing and stimulation without the need
to restrict stimulation to middle-level contacts of the lead. The FDA also
approved the ‘Electrode Identifier’ tool, which identifies optimal electrodes
using a monopolar survey of beta signals, an upgrade from the bipolar
survey in the Percept system. This advancement is expected to significantly
reduce DBS programming time.

A recent Delphi consensus panel concluded that while aDBS shows
promise, it still requires skilled clinicians and further algorithm refine-
ment to address complex PD symptoms'”’. The panel agreed on its safety
and potential to provide faster, more stable symptom control than
conventional DBS, particularly for patients with tremor-dominant PD,
motor fluctuations, and dyskinesias. Echoing the evolution of cardiac
pacing from fixed-rate to on-demand in the 1980s, the panel concluded
that aDBS is on a similar path. However, questions remain about whether
aDBS can induce neuroplastic changes or mitigate habituation (gradual
loss of benefits over time). The panel opined that widespread adoption
into routine clinical use will likely need more time as evidence continues
to accumulate and the clinical infrastructure and training needed to
support aDBS are developed.

Summary

Selecting PD patients for DBS requires a thorough assessment by a
multidisciplinary team to evaluate risks, benefits, and establish appro-
priate goals. Biological age deserves more consideration than chron-
ological age, especially with the growing elderly population, longer
lifespans, and the increasing acceptance of DBS therapy. Women and
minorities will need greater support structure and counselling. Genetics
and nonmotor symptoms should be given due consideration when
selecting patients. With regards to target selection, STN and GPi each
offer unique advantages. The emergence of multiple DBS manufacturers
has accelerated technological advancements. However, the final selec-
tion of hardware is based on patient-specific considerations, clinician
preferences, MRI compatibility, accessibility and affordability. Tradi-
tional DBS programming methods are time-consuming and imprecise,
sometimes leading to excessive stimulation and unwanted side effects.
New systems provide greater flexibility in parameter selection and sti-
mulation configurations. Physiology-guided programming enhances
precision, while image-guided programming facilitates targeted stimu-
lation delivery in less time. Advances in machine learning and artificial
intelligence have introduced adaptive and automated programming
tools, optimizing treatment outcomes by delivering energy-efficient
stimulation.
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