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Abstract: Background: Postural imbalance with falls affects 80% of patients with Parkin-
son’s disease (PD) at 10 years. Standard PD therapies (e.g., levodopa and/or deep brain
stimulation—DBS) are poor at improving postural imbalance. Additionally, the mech-
anistic complexity of interpreting postural control is a major barrier to improving our
understanding of treatment effects. In this paper, we review the effects of DBS on balance as
measured using posturography. We also critically appraise the quantitative measures and
analyses used in these studies. Methods: A literature search was performed independently
by 2 researchers using the PUBMED database. Thirty-eight studies are included in this
review, with DBS at the subthalamic nucleus (STN-) (n = 25), globus pallidus internus
(GPi-) (n = 6), ventral intermediate nucleus (VIM)/thalamus (n = 2), and pedunculopontine
nucleus (PPN) (n = 5). Results: STN- and GPi-DBS reduce static sway in PD and mitigate
the increased sway from levodopa. STN-DBS impairs automatic responses to perturbations,
whilst GPi-DBS has a more neutral effect. STN-DBS may promote protective strategies
following external perturbations but does not improve adaptation. The evidence regarding
the effects on gait initiation is less clear. Insufficient evidence exists to make conclusions
regarding VIM- and PPN-DBS. Conclusions: STN- and GPi-DBS have differing effects on
posturography, which suggests site-specific and possibly non-dopaminergic mechanisms.
Posturography tests should be utilised to answer specific questions regarding the mech-
anisms of and effects on postural control following DBS. We recommend standardising
posturography measures and test conditions by expert consensus and greater long-term
data collection, utilising ongoing DBS registries.

Keywords: Parkinson’s disease; posturography; deep brain stimulation; balance; postural
instability

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative condition
globally, and modelling suggests that more than 25 million people will be living with PD by
2050 [1,2]. It is a disease which can manifest with a combination of motor (e.g., bradykinesia,
tremor) and non-motor (e.g., depression, dysphagia) features. PD is diagnosed clinically,
based on the classical motor features in the MDS diagnostic criteria, though imaging
(e.g., dopamine transporter scans) can also support diagnosis [3]. There are multiple
contributing factors to the pathogenesis of PD, including genetic and environmental, but
the majority of cases are idiopathic. Inflammation and immunological changes, including
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microglial activation as described by McGeer, probably play a key role in PD initiation
and propagation [4,5]. Novel research areas for pathogenesis include the role of nutrition
and orexin, a neuropeptide linked to appetite [6,7]. Although PD can be grouped into
tremor-dominant (TD) or postural instability gait disorder (PIGD) subtypes, individuals
often have overlapping features or can switch from one subtype to another [8]. Postural
imbalance with falls affects 80% of patients with PD 10 years following diagnosis [9]. This
has major implications for people living with PD, as falls increase morbidity and mortality.
The mainstay of PD treatment remains dopaminergic medications, though functional
neurosurgery (e.g., deep brain stimulation [DBS] or lesioning surgery) is considered for
advanced PD. These treatments have generally shown poor effects on postural instability,
making it a topic of high clinical importance.

Many of the networks involved in postural control are pathologically affected by PD.
The supraspinal pathways of postural control, in health and in PD, are displayed in Figure 1.
Subthalamic nucleus (STN) activity is enhanced in PD due to loss of striatal dopamine from
synucleinopathy, leading to excessive inhibition of the pedunculopontine nucleus (PPN)
in the pons [10]. The PPN plays a key role in processing and integrating sensorimotor
information and in maintaining the axial tone required for upright standing [11]. The
degeneration of cholinergic neurons in the PPN in PD has been shown to correlate with
falls in both post-mortem [12] and ante-mortem PET studies [13]. The PPN modulates the
medullary reticular formation, which contains various non-dopaminergic neurons and
is directly connected to central pattern generators in the spinal cord [14]. The cerebral
cortex, particularly the frontal cortex, has also been implicated in postural responses via
cortical-cerebellar and basal ganglia-cortical loops [15]. The cingulate sulcus visual area is
responsible for integrating vestibular and optic inputs and has shown reduced activity on
functional imaging in PD [16].
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Figure 1. Dopaminergic and non-dopaminergic supraspinal pathways of postural control in health
(A) and in PD (B). '+ denotes overactivity, and ‘dashed line” denotes underactivity with respect to
normal physiology. The number of ‘+” and ‘dashes’ relates to the degree of over- and underactiv-
ity. CN—cuneiform nucleus, GPi—globus pallidus internus, PPNc/r—pedunculopontine nucleus
caudal/rostral, SNc/r—substantia nigra pars compacta/reticulata, STN—subthalamic nucleus.

DBS at the STN and globus pallidus internus (GPi) are established treatments for
fluctuations in the core motor features of PD (i.e., tremor, rigidity, bradykinesia). Lesion-
ing functional neurosurgery for PD, including radio-frequency and MR-guided focused
ultrasound (MRgFUS), are beyond the scope of this review. The mechanism by which
DBS exerts its beneficial effects on these features remains debated. It has been suggested
that the different core PD features arise from different oscillatory patterns in the basal-
ganglia-thalamo-cortical network [17]. Stimulation causes neuronal activation in STN and
GPi, demonstrated by electrochemical changes, leading to disruption of these abnormal
networks [18]. Additionally, STN-DBS reduces levodopa-induced dyskinesia by reducing
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medication and/or disrupting the pathological pallidal outflow, whilst GPi-DBS has a more
direct anti-dyskinetic effect via its output neurons [19-21].

However, the impact of DBS on postural instability and gait impairment is more
complex. Falls and postural instability, especially when demonstrated in the ON state
in the PIGD subtype, are usually contraindications to conventional high-frequency STN-
and GPi-DBS, due to their propensity to worsen such features [22-24]. The mechanisms
are likely multifactorial (e.g., disease progression) but could feasibly be affected by the
spread of stimulation to other pathways known to be important in gait and posture, such
as nigro-cuneiform nucleus pallido-PPN pathways [25]. PPN-DBS has also been trialled as
a treatment for postural instability; despite some initial positive reports, subsequent results
have been disappointing [26,27].

Although postural control and balance can be assessed clinically or using question-
naires, quantitative posturography gives richer details about the underlying mechanisms
of postural impairments. Thus, we explore static and dynamic posturography following
DBS in order to better understand the mechanisms by which DBS affects balance.

1.1. Static Posturography

Static posturography measures postural sway during quiet stance standing, without
perturbation. This is usually performed on a force platform, as shown in Figure 2A, though
wearable inertial measurement units (IMUs) can also be used. Strain gauges on the force
platform measure distribution of pressure (or centre of pressure [CoP]) in medial-lateral (x)
and anterior—posterior (y) directions as a proxy for sway. These forces can then be plotted
against each other over time, as shown in Figure 2A. One benefit of IMUs is that the centre
of mass (CoM) can be calculated more directly using accelerometer and gyroscope data,
particularly if an IMU is worn on the trunk.

The key peripheral sensory inputs of balance (proprioceptive, visual, and vestibular)
provide information about the environment which guides our orientation in space. To
test individual sensory components, participants can be asked to stand on a soft surface
(without proprioceptive feedback), with eyes closed (without visual feedback), or with both
conditions to rely on vestibular function alone. Some computerised dynamic platforms
(e.g., NeuroCom) can perform a sensory organisation test (SOT), which provides automated
results from conditions with varying degrees of sensory input. The SOT test conditions are
shown in Figure 2B. PD patients rely disproportionately on visual input for balance control;
thus, they perform particularly poorly on static posturography with eyes closed [28]. The
role of central processing is usually assumed during static posturography, as PPN function
can only be measured indirectly, and its testing does not reflect the complexity of processing
and integration [29,30].

As our posture strays beyond a certain angle from the vertical, it becomes progressively
more difficult to bring ourselves back to the vertical without falling, unless we take a
step. PD patients with excessive axial rigidity who fall may sway little during steady
standing, whereas some patients with multiple falls manifest excessive sway [31,32]. This
indicates a potentially problematic non-linearity in the relationship between sway and falls.
Postural sway may be an overly simplistic measure and insufficient to extract meaningful
physiological relevance to determine balance function. Static posturography has shown few
differences between early PD and healthy controls, but sway increases as PD progresses,
particularly in the lateral direction [33,34].
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Figure 2. Common static posturography test conditions. Quiet standing sway is usually performed
on a force platform, though IMUs can also be used; the graphic shows an example of CoM sway
data generated from IMUs, expressed as X vs. y (A); Sensory organisation test (SOT) conditions,
which measures sway during combinations of visual, somatosensory and sway-referenced conditions
(B). AP—anteroposterior; ML—mediolateral. Created in BioRender. Lonergan, B. (2025). URL:
https:/ /BioRender.com/20nvui6 (accessed on 21 March 2025).

1.2. Dynamic Posturography

By contrast, dynamic posturography measures a person’s response to a physical per-
turbation. Test conditions, as shown in Figure 3, include external perturbations, voluntary
leaning tasks and gait initiation. Participants’ responses are commonly measured as sway
(using a force platform) or muscular activity (using electromyography [EMG]). These
techniques have been described and reviewed elsewhere [35,36]. Dynamic posturography
reflects real-life challenges more closely than static testing, so it may have greater utility in
predicting actual falls, but it has been investigated less widely.

External perturbations can be delivered in different directions and via different mecha-
nisms, but the most used is a moving surface delivering unidirectional random, unexpected
translations [35]. External perturbations trigger ballistic preprogrammed movements that
ideally involve stepping and/or configurational body alterations to stop us from falling.
During formal dynamic testing, healthy individuals adapt their posture after detecting
a perturbation and make predictive movements to reduce this imbalance [37,38]. There
are various strategies that can be used, including head stabilisation, hip pivot, ankle pivot
and whole-body rigidity strategies. Strategies change frequently with repeated perturba-
tions [38]. Fallers are less likely to maintain their balance using an ankle pivot strategy [39].
PD patients tend to prefer an ankle pivoting strategy, though they may shift to a hip
strategy when feeling more unbalanced [40,41]. PD patients also demonstrate a lack of
adaptation to repeated perturbations [42]. This may be due to impaired utilisation of
explicit cognitive strategies rather than implicit motor adaptation impairments related to
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basal ganglia dysfunction [43]. The relationship between postural strategy in response to
external perturbations and overall balance or fall risk is not well established.
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Figure 3. Common dynamic posturography test conditions include external perturbations (A), gait
initiation (B) and target acquisition with leaning (C). Created in BioRender. Lonergan, B. (2025). URL:
https:/ /BioRender.com/dwb6gsgb (accessed on 21 March 2025).

When someone decides to start walking, it triggers a set of anticipatory postural
adjustments (APAs) before the first step is taken. The postural phase involves the body’s
CoP moving away from then towards the stance leg (to maintain lateral stability) and
posteriorly then anteriorly (to create forward movement) [44—47]. These movements are
coordinated and scaled by the basal ganglia, thalamus, supplementary motor area and
primary motor cortex [48-50]. Gait initiation APAs can be measured using CoP shifts from
IMUs and lower limb motor responses from surface electromyography (EMG).

Leaning tasks assess speed and accuracy of leaning towards a target near one’s ‘limit
of stability’. This is defined as the maximum distance that an individual’s CoM can be
moved from central with feet in place without causing a step or fall [51]. An individual’s
‘limit of stability” can be calculated using a computerised dynamic platform, though there
are wide variations in methodology without an agreed consensus for measuring the ‘limit
of stability” [52].

Our working hypothesis is that there are inadequate biomarkers that delve fully into
brain mechanisms of balance and linked clinical and home-based measures of falls in
individual patients. To develop better approaches to measuring and monitoring imbalance
(and its consequences) in PD, we review the use of quantitative measures of balance in
PD via posturography, the analyses used and their relative utility following DBS. We
specifically limit our analyses to those studies assessing the effects of DBS on postural
control in PD and suggest how its utilisation can be improved to further our understanding
of postural control.
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2. Materials and Methods

A literature search was conducted on PUBMED, Scopus and Web of Science databases
in March 2025, using the following MeSH terms: “deep brain stimulation”; “Posture”;
“Postural balance”. Data were collected independently by two researchers (BL, MC) and
then cross-checked to ensure included articles met inclusion and exclusion criteria and to
avoid duplication.

The inclusion criteria for reviews were studies which measured instrumented static
and dynamic posturography, with any metric, following DBS of any site in PD. Static
tests include quiet standing sway and SOT. Dynamic tests include external perturbations
(including automated systems such as Biodex), gait initiation and target acquisition with
leaning. Studies were excluded for the following reasons, including varying combinations:
duplication; only using clinical balance scales (e.g., Berg balance scale); animal studies;
case studies; not including DBS patients; not measuring balance; dynamic posturography
alone; non-PD DBS (e.g., essential tremor); non-DBS surgical interventions (e.g., surgical
thalamotomy, MRgFUS); effects on camptocormia.

3. Results

Thirty-eight studies (15 static only; 16 dynamic only; 7 both static and dynamic) that
met the inclusion and exclusion criteria were identified. Sixty-six percent of studies (25/38)
explored the effects of STN-DBS alone in PD, compared to no DBS in PD or age-matched
controls. Thirteen percent of studies (5/38) compared STN- and GPi-DBS in PD. All
included studies are summarised in Tables S1-54 within the Supplementary Materials. All
DBS cases were bilateral unless otherwise stated.

“Sway” is a non-specific umbrella term which includes various sway measures col-
lected during posturography. There is no consensus on which sway measure most accu-
rately reflects ‘balance’ or fall risk. The studies included in this review used sway path
length, sway area and CoP displacement velocity most commonly. Table S5 describes and
defines all the sway measures which were used during static posturography. Table S6
describes some additional measures which are used only during dynamic posturography.
Where the term “sway” is used in this review, it may refer to any of these more specific mea-
sures (e.g., sway path length) from the original study. Many studies used both static and
dynamic posturography, so the number of studies using each method combined exceeds
the total number of studies.

The methodology relating to levodopa administration for the included studies was
very variable (Tables S1-54). Differences include whether testing occurred in medication-
ON/-OFF/both; time for medication withdrawal classified as medication-OFF; whether
medication-ON meant supratherapeutic or optimised dosing; and whether dyskinesia
severity was described or excluded.

The results are arranged with DBS target locations as subheadings; subsequent find-
ings are ordered by describing the results of studies which used (a) static posturography
and (b) dynamic posturography. Levodopa effects with DBS are explored within the
relevant paragraphs.

3.1. Subthalamic Nucleus (STN)

Twenty-five studies investigated the effects of bilateral STN stimulation alone on static
(n = 15) and dynamic (n = 14) posturography in PD (Table S1).

Some studies showed that STN-DBS reduced quiet stance sway as measured by sway
area [53], mediolateral sway [54], CoP velocity [55] or a combination of the above [56-58].
Other studies showed no significant effect of STN-DBS on static posturography, including
a comparison of low- and high-frequency stimulation [59-62]. Szlufik et al. found non-
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significant reductions in sway 9 months after DBS, followed by significant sway increases
after another 9 months [63].

Three studies reported significant findings during static posturography with vary-
ing degrees of sensory input (e.g., eyes closed, unstable platform) [55,56,64]. Reduced
sway [56] and increased sway [64] were both reported during quiet standing with eyes
closed, replicating the heterogeneous results in the literature [54,65]. Shivitz et al. split
participants into those with AP sway that was normal (i.e., >5th percentile on the spectrum
of controls) and abnormal (i.e., <5th percentile on the spectrum of controls), presented as
equilibrium scores, in six conditions with varying degrees of sensory input [55]. In those
with increased sway, STN-DBS reduced sway when they were in vestibular-dependent
conditions; dopaminergic medication had no effect. Additionally, there were significant
reductions in sway in more challenging conditions (e.g., eyes closed, unstable platform)
after DBS with stimulation off. STN-DBS had no effect in those with normal sway.

Patel et al. were the only group to measure sway using ultrasound 3D motion capture
and motion markers at anatomical landmarks (e.g., hip) instead of using a force plat-
form. This measures the spectral power of movement at different frequencies during quiet
standing. STN-DBS reduced sway >4 Hz laterally at head and shoulder level; there were
no changes at the knee and hip [42,66,67]. There was little change at lower frequencies
(0-4 Hz) [66]. Given that PD rest tremor occurs at 4-7 Hz, the authors hypothesised that
the reduced sway was due to reduced tremor post-DBS.

Regarding dynamic testing, six studies have shown varying effects on the initiation
of voluntary walking. STN-DBS increased APA amplitude prior to gait initiation, which
improved foot lift, but had no effect on the speed of APA onset [44]. Two others, includ-
ing a comparison of low and high frequency, found no significant impact on APAs but
did improve gait parameters (e.g., step length) [62,68]. One group found that STN-DBS
improved standard distance, as part of a principal component analysis, particularly when
combined with levodopa. However, the sway improvements waned after 7 years due to
PD progression [69,70]. Another principal component analysis of gait initiation measures
suggests that directional DBS may be superior to traditional ring stimulation, whilst both
are better than no DBS [71]. Directing stimulation towards the central STN and more central
lead positioning had better gait outcomes than stimulating the posterior STN. The benefits
of central stimulation compared to ring stimulation were less clear.

Five studies looked at response to balance perturbations after STN-DBS, including
three studies which looked at body segment coordination and postural strategies [37,42,67].
One found increased coupling between body segments with STN-DBS-ON, suggesting an
ankle strategy, which was greater with eyes open than eyes closed [42]. This comes at the
cost of energy and flexibility but is probably helpful for maintaining balance. Additionally,
visual input helped to stabilise posture more with STN-DBS-ON than DBS-OFF, suggesting
DBS may help visual processing [67]. However, STN-DBS did not help adaptation, regard-
less of sensory input [67]. Following repeated calf muscle vibration, PD patients displayed
greater flexion of the head, shoulder and knee than controls [37]. This was partially re-
solved with STN-DBS-ON. The other two studies delivered external perturbations on a
force platform [72,73]. Leodori et al. used the Biodex system, which generates composite
balance measures from participant’s responses (e.g., Stability Index, Risk of Falls). Bilat-
eral STN stimulation and levodopa combined showed the best impact on these measures,
compared to various unilateral and levodopa combinations. Despite a slight trend towards
improvement, there were few significant differences between medication alone and com-
bination with STN-DBS on muscle response latency and gastrocnemium/tibialis anterior
co-contraction ratio following perturbations [73].
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Three trials investigated the effects of STN-DBS on leaning tasks close to an indi-
vidual’s ‘limit of stability’. Higher STN-DBS amplitudes increased leaning velocity, but
velocity was slower at lower amplitudes than off stimulation [74]. This suggests a threshold
effect for amplitude on leaning velocity. Increased success in target acquisition has also
been reported post-operatively, with subsequent improvements in clinical balance scales
(e.g., UPDRS) at 6 and 12 months post-operatively [75,76].

3.2. Globus Pallidus Internus (GPi)

Only one study investigated the effects of GPi-DBS alone on static and dynamic pos-
turography (Table 52). Johnson et al. found that GPi-DBS non-significantly reduced sway
area but had no impact on sway PL or sway velocity [77]. Similar findings with GPi-DBS
are reported elsewhere; sway area was significantly reduced, and displacement distance
returned to age-matched healthy control levels [78]. Dynamically, GPi-DBS improved accu-
racy of leaning during a target acquisition task, with less effect on the time taken to start
the task [77]. Levodopa and GPi-DBS had opposite effects on leaning; levodopa reduced
the time taken to start moving, and GPi-DBS improved the accuracy of movement [77]. The
levodopa effects may have been due to mild dyskinesia, as severe dyskinesia was excluded,
and/or alternative unknown mechanisms.

3.3. GPivs. STN

Five studies compared GPi- with STN-DBS; two of these used static posturogra-
phy [76,77], and three used dynamic testing (Table S2) [49,79,80]. Brandmeier et al. found
no significant difference in sway index in those with or without DBS (GPi and STN) and no
differences between GPi and STN groups [79]. GPi- and STN-DBS both seem to counteract
the increase in sway seen after taking levodopa to some degree [53,58,62,72,77,78], though
there are some conflicting results [57]. STN-DBS has a greater effect than GPi-DBS in
counteracting these levodopa effects [77,78].

STN-DBS seems to worsen responses to external perturbations, whilst GPi-DBS has no
effect. One study showed initial improvements in the stability of participants” automatic
postural response (APR) to external perturbations, whilst levodopa had no effect [81].
However, this improvement in perturbation response waned in the STN-DBS group, such
that APR stability was worse at 6 months than it was at baseline [81]. STN-DBS also led to
more falls, likely by prolonging the in-place preparation phase and delaying stepping [80].
GPi-DBS had no effect on falls, stability of response to perturbations or stepping response
6 months after DBS [80,81].

A study comparing gait initiation following STN- and GPi-DBS showed few differences
between the two targets. Preparatory APAs were worse (smaller size and longer duration)
after both STN- and GPi-DBS compared to pre-surgery and less responsive to the positive
effects of levodopa post-DBS [49]. By contrast, actual step execution was largely unchanged
by DBS at both sites, suggesting different mechanisms for step preparation and step
execution [49].

3.4. Ventral Intermediate (VIM) Nucleus and Thalamic Tracts

One study investigated the effects of VIM-DBS on static and dynamic posturography
in PD (Table S3). Ondo et al. investigated bilateral VIM stimulation in Essential Tremor
(ET) (13 patients) and PD (8 patients, all TD) [82]. In PD, sway improved significantly
in SOT condition 4 (eyes open; sway-referenced support) and non-significantly in SOT
condition 1 (eyes open; fixed support) after VIM-DBS. PD patients showed no adaptation to
perturbations with or without VIM-DBS and greater variability of response to ET patients.
Overall, they reported balance to be similar in both the ET and PD groups, though they
also noted the high severity of the ET cohort.
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Additionally, experimental stimulation of the Fields of Forel thalamic tract reduced
sway and falls and improved clinical balance scale (e.g., Berg balance scale) scores in PD
patients with levodopa-unresponsive gait disturbance [83].

3.5. Pedunculopontine Nucleus (PPN)

Five studies investigated the impact of PPN stimulation on static (n = 2) and dy-
namic (n = 3) posturography (Table S54). Some studies investigated specific PD subgroups:
levodopa-unresponsive freezing of gait (n = 2) and severe PIGD (n = 1).

Mazzone et al. found that PPN stimulation reduced sway path length with eyes open
compared with no stimulation (self-control) in eight PD patients with severe PIGD. There
were also other non-significant reductions in sway with eyes open and eyes closed [84].
PPN-DBS also reduces double stance duration and increases first step length/velocity and
the size of APAs prior to the first step [85]. There seemed to be some additive effects from
PPN-DBS with levodopa, compared to either treatment in isolation, including increased
first step velocity [85].

Yousif et al. compared the effects of STN-ON/PPN-ON stimulation with STN-
ON/PPN-OFF stimulation [86]. STN-ON/PPN-ON stimulation was associated with in-
creased sway with EC compared to STN-ON/PPN-OFF, though levodopa was not con-
trolled for. In contrast to most studies, the authors suggest that increased sway with EC
may improve balance.

Bourilhon et al. performed two studies comparing PPN-DBS with cuneiform nucleus
(CN)-DBS. At 2 months, step length and step velocity were significantly higher with CN-
DBS than with sham-DBS, which were significantly higher than with PPN-DBS [87]. At
1 year, there were no significant differences compared to pre-operative testing. At 2 years,
both locations led to increased double stance duration compared to pre-operatively [88].
In Medication-ON, PPN-DBS had significantly greater cadence, walking velocity and step
length, and lower double stance duration and turn duration compared to CN-DBS [88].
There were no significant differences in Medication-OFF. APA duration and displacements
do not appear to have significantly changed throughout.

4. Discussion

This review includes studies using quantitative measures of balance in PD via pos-
turography following DBS (Tables S1-54). The different effects of DBS, particularly at the
STN and GPj, and levodopa on static and dynamic posturography suggest that stimula-
tion has effects beyond dopaminergic pathways. Some effects appear to be synergistic,
(e.g., improving gait initiation) [69], whereas other effects appear contradictory (e.g., static
sway) [54,58,77,78]. More recent studies have used larger group sizes; this is probably
aided by the increased availability of wearable sensors which, whilst expensive, make it
easier to collect patient data in clinical settings [62,73].

The greatest limitation of the available evidence is the high degree of heterogeneity
across studies, because it prevents comparison of their results and leads to small sample
sizes which lack the power to make definitive conclusions. Small sample sizes are com-
pounded by the high resource cost of DBS and its availability being limited to tertiary
centres. Sources of heterogeneity include test conditions (e.g., sensory inputs during static
testing and perturbation type during dynamic testing), DBS anatomical site (e.g., PPN,
STN), outcome (sway) measures (e.g., sway path length, sway area and CoP velocity) and
control groups (e.g., absent, age-matched or disease-matched). Additionally, the studies
included rarely differentiate between the PD subtypes (TD vs. PIGD); thus, it is difficult to
comment on the differential effects of DBS on each subtype. The introduction of directional
DBS will add additional complexity to analysing posturography post-DBS, but also greater
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promise of individualised programming for PwP, including discovering settings which
may avoid postural instability as a DBS side effect.

Sway vector has been suggested as a more reliable and reproducible sway measure, as
it can be successfully measured irrespective of trial length and sampling frequency [89].
Although it has been validated in PD, it is yet to make it from research to clinical settings.
The International Society for Posture and Gait Research (ISPGR) and other groups have
been unable to standardise the methodology of posturography, though their work is
ongoing [89-92]. Only three studies collected data beyond 12 months; thus, we know little
about the long-term effects of DBS on postural control and how this compares to disease
progression without DBS [63,70,79]. DBS effects on sway may wane over time, so it is
important that longer-term data are collected [63]. One solution would be to utilise DBS
registries to collect more data on postural control following DBS; for example, a subset of
registry participants could be invited to complete posturography.

4.1. Effects of DBS on Static Posturography

STN- and GPi-DBS reduce static sway; further work is needed to improve our under-
standing of the effects of VIM- and PPN-DBS. STN-DBS may reduce sway more during
vestibular-dependent conditions in those with high sway at baseline [55]. This hints at
greater complexity and individualised results than are currently accepted in the literature.
The most common assumption about static posturography is that increased sway represents
worse postural control and a higher risk of falling. This is likely an oversimplification; the
role of sway may vary depending on context and neurological impairments. One alterna-
tive theory is that greater sway leads to greater activation of peripheral mechanoreceptors,
providing greater sensory feedback from the peripheries and paradoxically improving
balance [64,86]. The impacts of sensorimotor processing and integration on sway are usu-
ally assumed, rather than directly tested. Only one included study also formally tested
peripheral sensory processing; PPN-DBS was shown to improve vestibular perceptual
thresholds [86]. Neurophysiological techniques, such as the pre-pulse inhibition, should
be used simultaneously to assess the impact of DBS on sensorimotor integration [93]. We
predict that the mechanisms for DBS effects, which are currently poorly understood, on
sway are different according to DBS targets.

The STN and GPi are both connected to the PPN via GABAergic indirect and direct
basal ganglia pathways, respectively [94]. Differences between the make-up of the STN
and GP4j, such as the relative density of axons to cell bodies and response of single units to
stimulation, the strength of connectivity to the PPN and the density of vestibular-connected
neurons, could all feasibly lead to variable responses [20]. Stimulation of non-dopaminergic
(e.g., cholinergic) networks, via the PPN or superior colliculus, may improve sensorimotor
integration and/or postural control [30,77,78,95]. We hypothesise that DBS improves PPN
feedback to the basal ganglia, which helps to reduce sway by improving postural control
and tone. There are also other dopaminergic and cholinergic improvements via basal
ganglia outputs, which help to improve motor features of PD such as rigidity. Given that
GPi is downstream of STN, uninterrupted STN overactivity could theoretically make GPi-
DBS less effective at improving postural control, but this is not supported by the available
evidence. Figure 4 demonstrates how DBS at different sites may affect the supraspinal
postural control network, according to our hypothesis. The wider network effects of GPi-
compared to STN-DBS are poorly understood; however, the advent of MRI-compatible
stimulators makes this a more achievable target for the future.
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Figure 4. Dopaminergic and non-dopaminergic supraspinal pathways of postural control in health
(A) and in PD (B), with proposed mechanisms for GPi- (C) and STN-DBS (D). ‘+” denotes overactivity,
and ‘dashed line” denotes underactivity with respect to normal physiology. The number of ‘+ and
‘dashes’ relates to the degree of over- and underactivity. CN—cuneiform nucleus, GPi—globus
pallidus internus, PPNc/r—pedunculopontine nucleus caudal/rostral, SN¢/r—substantia nigra pars
compacta/reticulata, STN—subthalamic nucleus.

As well as potential direct DBS effects, there are indirect effects which may help to
reduce sway, such as levodopa dosage reduction. Most of the included studies show that
DBS (decreased sway) at least partially compensates for the effects of levodopa (increased
sway) on postural control. Levodopa may increase sway by reducing axial muscle tone
or by increasing levodopa-induced dyskinesia. DBS effects often mean the levodopa dose
can be reduced, leading to reduced dyskinesia and reduced motor fluctuations [96]. Few
studies in this review reported dyskinesia incidence, but these studies showed unchanged
dyskinesia incidence post-DBS [57], low dyskinesia incidence from baseline [78] or excluded
patients with severe dyskinesia [58]. GPi-DBS usually leads to less reduction in levodopa
dose, so greater sway would be expected with GPi-DBS if the effect was solely affected by
levodopa [49]. Levodopa increases sway less with STN- than GPi-DBS; these differential
levodopa effects by DBS site need further exploration [77,78].

Reduction in tremor may explain reduction in sway across different DBS sites, even if
tremor reduction is achieved via different pathways. For example, lateral movements at
the head and neck in the PD rest tremor band (4-7 Hz) were reduced with STN-DBS [67].
The only study of VIM-DBS showed significant tremor improvements with mild increases
in sway in some sensory conditions [82]. More studies are needed to explore whether
VIM-DBS effects on tremor could simultaneously reduce sway.

Some studies also showed that sway is reduced with STN-DBS-OFF compared to
pre-DBS insertion. This may be due to an acute microlesion effect, chronic STN stimulation
effects which persist when the device is off, or a reduction in levodopa dose [55,70]. Most
studies tested DBS-OFF at least 30 min after stimulation had been switched off, but there
was some variety. The washout period for GPi-DBS may be longer than for STN-DBS, which
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affects their comparability [97]. There should be standardisation of DBS wash-out times
across studies to improve consistency and comparability, as well as further investigation of
the effects of chronic stimulation.

It is difficult to draw strong conclusions about the impact of PPN-DBS on posturogra-
phy, given the lack of available data. Current results show that PPN-DBS reduces sway,
particularly with levodopa, though effects also seem to wane over time [84,85,88]. Com-
bined PPN-STN-DBS increased sway with EC; this suggests that STN- and PPN-DBS have
different mechanistic effects on balance [86]. It is possible that increased sway improves
balance control when visual input is lacking, as it provides greater sensory input to the
system, particularly if sensory processing capacity has increased.

4.2. Effects of DBS on Dynamic Posturography

Dynamic posturography is an umbrella term for different techniques, which probably
test different aspects of balance. It is unclear whether dynamic testing is more representative
of postural control and/or real-life fall risk than static posturography. Whilst external
perturbations directly test postural reflexes, leaning tasks probably test a wider range of
factors (e.g., bradykinesia and postural/movement control). The postural adjustments
that precede gait initiation probably form a different motor programme to the automatic
adjustments that occur following perturbations. To improve the utility of these tests, studies
should focus on the mechanisms of balance that are being tested and how the results can
be applied to fall risk in real life.

GPi-DBS seems to have a neutral effect on response to external perturbations, whereas
STN-DBS may have a negative impact. Although some studies showed non-significant
trends towards improvements in muscle latency and automatic postural responses, balance
and falls appeared to be worse 6 months after STN-DBS [42,67,72,73,81]. If this finding
is replicated in future studies and consistent across other aspects of balance testing (e.g.,
adaptation, strategy), GPi-DBS may be preferable in individuals that have worse postural
instability during pre-DBS testing. The impact on gait initiation is less clear, with conflicting
results and less available evidence for GPi-DBS [44,62,68]. There may be differences be-
tween how DBS at both sites affects preparatory postural movements (negative) and actual
step execution (neutral) [49]. Where balance impairments are seen post-DBS, experimenting
with directional stimulation (e.g., towards the central STN) may help to mitigate these
effects [71].

STN-DBS partially improves body alignment after a perturbation and increases the
stabilising effect of vision, suggesting improved visual input processing [37,67]. STN-DBS
increased body segment coupling and promoted an ankle strategy, both of which may be
helpful in preventing falls [66]. Optimal strategy may vary according to the individual
and the situation; further work is needed before particular strategies can be encouraged.
STN-DBS had no effect on adaptation to repeated perturbations [67]. Rehabilitation which
focuses on improving cognitive aspects and drawing attention to balance control may be of
benefit [43].

STN-DBS beyond a threshold amplitude leads to a sustained improvement in leaning
velocity [74-76]. GPi-DBS has been shown to improve leaning accuracy but not speed of
leaning initiation [77]. The ecological benefits (or detriments) of these effects on voluntary
leaning are unclear.

Although PPN-DBS may improve gait dynamics, this appears to wane over time from
the limited evidence available [85,88]. The effects of VIM-DBS on dynamic balance and
thalamic tract DBS, as an experimental treatment, have also been underexplored.

There are limitations to this review. Firstly, there may be an element of publication
bias; studies with less significant results may not have been published, so real-world
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DBS effects may be different from those which are published. Secondly, methodological
heterogeneity makes it difficult to make direct comparisons between included studies or
to perform higher-level analysis (e.g., meta-analysis). Given the tertiary and high-cost
nature of DBS, each study includes small numbers of participants. Finally, this review only
includes instrumented posturography, rather than clinical scales (e.g., BESTest), which may
also accurately measure postural control.

5. Conclusions

Postural instability and falls have a major impact on morbidity and mortality for
PD patients and respond poorly to currently available PD treatments. To develop better
treatments and optimise current treatments, such as DBS, we need to improve our under-
standing of postural control mechanisms and how postural control could be modulated.
The available studies have limited overall utility due to their heterogenous methodology
and our limited understanding of how their results should be interpreted. Posturography
tests should be used to address specific questions regarding individual elements of postural
control, rather than making general conclusions about balance.

Static posturography provides useful information on how balance-related sensory
inputs (e.g., vision, proprioception, vestibular) affect static balance in an individual. STN-
and GPi-DBS seem to reduce sway; this may be caused by any combination of reduced
tremor, reduced dyskinesia, improved sensorimotor processing or unidentified factors and
likely vary between anatomical sites. There is a lack of evidence to make conclusions about
the effects of VIM- and PPN-DBS. The effects of DBS likely vary according to individual
or contextual factors. For example, those with high sway at baseline seem to reduce sway
more after DBS, particularly when visual input is lacking [51]. By contrast, dynamic tests
should be used to demonstrate whether automatic sensorimotor loops are functioning
adequately. This may be mediated by the PPN, given its role in sensorimotor processing,
but the mechanisms are incompletely understood.

As well as supporting mechanistic research on postural control in PD, we make several
practical recommendations for groups conducting posturography following DBS. Firstly, we
support the ISPGR’s efforts to standardise static and dynamic posturography methodology.
Rather than curbing innovation, this should be seen as a ‘minimum’ standard which is
routinely collected when using a particular method. An international guideline which
recommends a ubiquitous sway measure (e.g., sway vector) and testing conditions (e.g.,
perturbation speeds) would help provide direction and build a stronger evidence base
in the future [98]. Secondly, given the success of international DBS registries, we suggest
that a subset of participants be invited for posturography testing post-DBS. This would
build a greater base of long-term posturography data post-DBS and improve sample sizes.
Additionally, future studies should explore the impact of recent technological advances in
DBS, such as directional and adaptive stimulation, and less common DBS programmes, such
as low-frequency stimulation, on posturography. Finally, future studies should attempt
to quantify the effects of DBS on different sensory inputs and their processing, as they are
central to postural control. For example, only one included study measured vestibular
perceptual thresholds [86]. DBS could feasibly affect sensorimotor processing, but this is an
unexplored area.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci15050535/s1; Table S1: Studies investigating the effects
of STN-DBS alone on posturography; Table S2: Studies investigating the effects of GPi-DBS on
posturography (includes studies comparing STN- and GPi-DBS); Table S3: Studies investigating the
effects of VIM-DBS and other thalamic sites on posturography; Table S4: Studies investigating the
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PPN Pedunculopontine nucleus

SOT Sensory Organisation Test

STN Subthalamic nucleus

UPDRS  Unified Parkinson’s Disease Rating Scale
VIM Ventral intermediate nucleus

1.  GBD 2016 Parkinson’s Disease Collaborators. Global, regional, and national burden of Parkinson’s disease, 1990-2016:
A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2018, 17, 939-953. [CrossRef] [PubMed]

2. Su, D; Cui, Y; He, C; Yin, P; Bai, R.; Zhu, J.; Lam, J.5.T.; Zhang, J.; Yan, R.; Zheng, X,; et al. Projections for prevalence of
Parkinson’s disease and its driving factors in 195 countries and territories to 2050: Modelling study of Global Burden of Disease
Study. BM]J 2025, 388, e080952. [CrossRef] [PubMed]

3. Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, J.; Marek, K,; Litvan, I.; Lang, A.E.; et al. MDS
Clinical Diagnostic Criteria for Parkinson’s Disease. Mov. Disord. 2015, 30, 1591-1601. [CrossRef]

4.  McGeer, PL.; McGeer, E.G. Glial reactions in Parkinson’s disease. Mov. Disord. 2008, 23, 474-483. [CrossRef]

5. Blaylock, R.L. Parkinson’s disease: Microglial/macrophage-induced immunoexcitotoxicity as a central mechanism of neurode-
generation. Surg. Neurol. Int. 2017, 8, 65. [CrossRef] [PubMed]

6.  Alster, P.; Madetko-Alster, N.; Otto—Slusarczyk, D.; Migda, A ; Migda, B.; Struga, M.; Friedman, A. Role of orexin in pathogenesis
of neurodegenerative parkinsonisms. Neurol. Neurochir. Pol. 2023, 57, 335-343. [CrossRef]


https://doi.org/10.1016/S1474-4422(18)30295-3
https://www.ncbi.nlm.nih.gov/pubmed/30287051
https://doi.org/10.1136/bmj-2024-080952
https://www.ncbi.nlm.nih.gov/pubmed/40044233
https://doi.org/10.1002/mds.26424
https://doi.org/10.1002/mds.21751
https://doi.org/10.4103/sni.sni_441_16
https://www.ncbi.nlm.nih.gov/pubmed/28540131
https://doi.org/10.5603/PJNNS.a2023.0044

Brain Sci. 2025, 15, 535 15 of 18

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

Zhang, F; Liu, Y.X,; Zhu, Y.Y,; Yu, Q.Y,; Msigwa, S.S.; Zeng, Z.H.; Zhang, X.; Wu, H.M.; Zhu, ].H. Epidemiologic Risk and
Prevention and Interventions in Parkinson Disease: From a Nutrition-Based Perspective. J. Nutr. 2025, 155, 1019-1030. [CrossRef]
Lee, ].W.; Song, Y.S.; Kim, H.; Ku, B.D.; Lee, W.W. Alteration of Tremor Dominant and Postural Instability Gait Difficulty Subtypes
During the Progression of Parkinson’s Disease: Analysis of the PPMI Cohort. Front. Neurol. 2019, 10, 471. [CrossRef]
Williams-Gray, C.H.; Mason, S.L.; Evans, J.R.; Foltynie, T.; Brayne, C.; Robbins, T.W.; Barker, R.A. The CamPalGN Study of
Parkinson’s Disease: 10-Year Outlook in an Incident Population-Based Cohort. J. Neurol. Neurosurg. Psychiatry 2013, 84, 1258-1264.
[CrossRef]

Visser, J.E.; Bloem, B.R. Role of the Basal Ganglia in Balance Control. Neural Plast. 2005, 12, 161-174. [CrossRef]

French, L.T.; Muthusamy, K.A. A Review of the Pedunculopontine Nucleus in Parkinson’s Disease. Front. Aging Neurosci. 2018, 10,
99. [CrossRef] [PubMed]

Karachi, C.; Grabli, D.; Bernard, FA.; Tandé, D.; Wattiez, N.; Belaid, H.; Bardinet, E.; Prigent, A.; Nothacker, H.P.; Hunot, S.; et al.
Cholinergic Mesencephalic Neurons Are Involved in Gait and Postural Disorders in Parkinson Disease. J. Clin. Investig. 2010, 120,
2745-2754. [CrossRef]

Bohnen, N.; Albin, R. Cholinergic Denervation Occurs Early in Parkinson Disease. Neurology 2009, 73, 256-257. [CrossRef]
Jordan, L.M,; Liu, J.; Hedlund, P.B.; Akay, T.; Pearson, K.G. Descending Command Systems for the Initiation of Locomotion in
Mammals. Brain Res. Rev. 2008, 57, 183-191. [CrossRef]

Jacobs, J.V.,; Horak, EB. Cortical Control of Postural Responses. ]. Neural Transm. 2007, 114, 1339-1348. [CrossRef]

Cardin, V.; Smith, A.T. Sensitivity of Human Visual and Vestibular Cortical Regions to Egomotion-Compatible Visual Stimulation.
Cereb. Cortex 2010, 20, 1964-1973. [CrossRef]

Blumenfeld, Z.; Bronté-Stewart, H. High Frequency Deep Brain Stimulation and Neural Rhythms in Parkinson’s Disease.
Neuropsychol. Rev. 2015, 25, 384-397. [CrossRef]

Mclntyre, C.C.; Anderson, R.W. Deep Brain Stimulation Mechanisms: The Control of Network Activity via Neurochemistry
Modulation. J. Neurochem. 2016, 139, 338-345. [CrossRef]

Kogan, M.; McGuire, M; Riley, J. Deep Brain Stimulation for Parkinson Disease. Neurosurg. Clin. 2019, 30, 137-146. [CrossRef]
Dostrovsky, J.O.; Lozano, A.M. Mechanisms of Deep Brain Stimulation. Mov. Disord. 2002, 17, S63-S68. [CrossRef]

Pollak, P,; Benabid, A.L.; Gross, C.; Gao, D.M.; Laurent, A.; Benazzouz, A.; Hoffmann, D.; Gentil, M.; Perret, J. Effects of the
Stimulation of the Subthalamic Nucleus in Parkinson Disease. Rev. Neurol. 1993, 149, 175-176.

Weaver, EM.; Follett, K.; Stern, M.; Hur, K.; Harris, C.; Marks, W.J.; Rothlind, J.; Sagher, O.; Reda, D.; Moy, C.S.; et al. Bilateral
Deep Brain Stimulation vs Best Medical Therapy for Patients with Advanced Parkinson Disease: A Randomized Controlled Trial.
JAMA 2009, 301, 63-73. [CrossRef]

Fasano, A.; Aquino, C.C.; Krauss, ].K.; Honey, C.R.; Bloem, B.R. Axial Disability and Deep Brain Stimulation in Patients with
Parkinson Disease. Nat. Rev. Neurol. 2015, 11, 98-110. [CrossRef] [PubMed]

Zampogna, A.; Cavallieri, F.; Bove, F.; Suppa, A.; Castrioto, A.; Meoni, S.; Pélissier, P.; Schmitt, E.; Bichon, A.; Lhommée, E.; et al.
Axial Impairment and Falls in Parkinson’s Disease: 15 Years of Subthalamic Deep Brain Stimulation. NPJ Park. Dis. 2022, 8, 121.
[CrossRef] [PubMed]

Rolland, A.S.; Karachi, C.; Muriel, M.P; Hirsch, E.C.; Frangois, C. Internal Pallidum and Substantia Nigra Control Different Parts
of the Mesopontine Reticular Formation in Primate. Mov. Disord. 2011, 26, 1648-1656. [CrossRef]

Wang, ].W.; Zhang, Y.Q.; Zhang, X.H.; Wang, Y.P,; Li, ].P; Li, Y.J. Deep Brain Stimulation of Pedunculopontine Nucleus for
Postural Instability and Gait Disorder After Parkinson Disease: A Meta-Analysis of Individual Patient Data. World Neurosurg.
2017, 102, 72-78. [CrossRef]

Yu, K; Ren, Z,; Hu, Y,; Guo, S.; Ye, X.; Li, J.; Li, Y. Efficacy of Caudal Pedunculopontine Nucleus Stimulation on Postural Instability
and Gait Disorders in Parkinson’s Disease. Acta Neurochir. 2022, 164, 575-585. [CrossRef]

Abbruzzese, G.; Berardelli, A. Sensorimotor Integration in Movement Disorders. Mov. Disord. 2003, 18, 231-240. [CrossRef]
Versace, V.; Campostrini, S.; Sebastianelli, L.; Saltuari, L.; Valls-Solé, J.; Kofler, M. Influence of Posture on Blink Reflex Prepulse
Inhibition Induced by Somatosensory Inputs from Upper and Lower Limbs. Gait Posture 2019, 73, 120-125. [CrossRef]

Fetsch, C.R.; Deangelis, G.C.; Angelaki, D.E. Bridging the Gap between Theories of Sensory Cue Integration and the Physiology
of Multisensory Neurons. Nat. Rev. Neurosci. 2013, 14, 429-442. [CrossRef]

DiFrancisco-Donoghue, J.; Jung, M.K.; Geisel, P.; Werner, W.G. Learning Effects of the Sensory Organization Test as a Measure of
Postural Control and Balance in Parkinson’s Disease. Park. Relat. Disord. 2015, 21, 858-861. [CrossRef] [PubMed]
Difrancisco-Donoghue, J.; Jung, M.-K.; Apoznanski, T.; Werner, W.G.; Yao, S. The Reliability of the Sensory Organization Test in
Parkinson’s Disease to Identify Fall Risk. Int. ]. Neurol. Phys. Ther. 2016, 2, 39-43.

Waterston, J.A.; Hawken, M.B.; Tanyeri, S.; Jantti, P.; Kennard, C. Influence of Sensory Manipulation on Postural Control in
Parkinson’s Disease. ]. Neurol. Neurosurg. Psychiatry 1993, 56, 1276-1281. [CrossRef]

Carpenter, M.G.; Allum, J.H.J.; Honegger, E; Adkin, A.L.; Bloem, B.R. Postural Abnormalities to Multidirectional Stance
Perturbations in Parkinson’s Disease. ]. Neurol. Neurosurg. Psychiatry 2004, 75, 1245-1254. [CrossRef]


https://doi.org/10.1016/j.tjnut.2025.01.028
https://doi.org/10.3389/fneur.2019.00471
https://doi.org/10.1136/jnnp-2013-305277
https://doi.org/10.1155/NP.2005.161
https://doi.org/10.3389/fnagi.2018.00099
https://www.ncbi.nlm.nih.gov/pubmed/29755338
https://doi.org/10.1172/JCI42642
https://doi.org/10.1212/WNL.0b013e3181b0bd3d
https://doi.org/10.1016/j.brainresrev.2007.07.019
https://doi.org/10.1007/s00702-007-0657-0
https://doi.org/10.1093/cercor/bhp268
https://doi.org/10.1007/s11065-015-9308-7
https://doi.org/10.1111/jnc.13649
https://doi.org/10.1016/j.nec.2019.01.001
https://doi.org/10.1002/mds.10143
https://doi.org/10.1001/jama.2008.929
https://doi.org/10.1038/nrneurol.2014.252
https://www.ncbi.nlm.nih.gov/pubmed/25582445
https://doi.org/10.1038/s41531-022-00383-y
https://www.ncbi.nlm.nih.gov/pubmed/36153351
https://doi.org/10.1002/mds.23705
https://doi.org/10.1016/j.wneu.2017.02.110
https://doi.org/10.1007/s00701-022-05117-w
https://doi.org/10.1002/mds.10327
https://doi.org/10.1016/j.gaitpost.2019.07.194
https://doi.org/10.1038/nrn3503
https://doi.org/10.1016/j.parkreldis.2015.05.007
https://www.ncbi.nlm.nih.gov/pubmed/25997862
https://doi.org/10.1136/jnnp.56.12.1276
https://doi.org/10.1136/jnnp.2003.021147

Brain Sci. 2025, 15, 535 16 of 18

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bloem, B.R;; Visser, J.E.; Allum, ].H.]. Posturography. In Handbook of Clinical Neurophysiology; Hallett, M., Ed.; Elsevier: Amsterdam,
The Netherlands, 2003; Volume 1.

Visser, ].E.; Carpenter, M.G.; van der Kooij, H.; Bloem, B.R. The Clinical Utility of Posturography. Clin. Neurophysiol. 2008, 119,
2424-2436. [CrossRef]

Fransson, P.A.; Nilsson, M.H.; Rehncrona, S.; Tjernstrom, E.; Magnusson, M.; Johansson, R.; Patel, M. Deep Brain Stimulation
in the Subthalamic Nuclei Alters Postural Alignment and Adaptation in Parkinson’s Disease. PLoS ONE 2021, 16, e0259862.
[CrossRef]

Nashner, L.M.; Owen Black, F; Wall, C.; Good, S. Adaptation to Altered Support and Visual Conditions During Stance: Patients
with Vestibular Deficits. J. Neurosci. 1982, 2, 536-544. [CrossRef]

Mackey, D.C.; Robinovitch, S.N. Mechanisms Underlying Age-Related Differences in Ability to Recover Balance with the Ankle
Strategy. Gait Posture 2006, 23, 59-68. [CrossRef]

Baston, C.; Mancini, M.; Rocchi, L.; Horak, E. Effects of Levodopa on Postural Strategies in Parkinson’s Disease. Gait Posture 2016,
46, 26-29. [CrossRef]

Baston, C.; Mancini, M.; Schoneburg, B.; Horak, F.; Rocchi, L. Postural Strategies Assessed with Inertial Sensors in Healthy and
Parkinsonian Subjects. Gait Posture 2014, 40, 70-75. [CrossRef]

Patel, M.; Nilsson, M.H.; Rehncrona, S.; Tjernstrém, F.,; Magnusson, M.; Johansson, R.; Fransson, P.A. Strategic Alterations of Posture
Are Delayed in Parkinson’s Disease Patients during Deep Brain Stimulation. Sci. Rep. 2021, 11, 23550. [CrossRef] [PubMed]

Tsay, J.S.; Najafi, T.; Schuck, L.; Wang, T.; Ivry, R.B. Implicit Sensorimotor Adaptation Is Preserved in Parkinson’s Disease. Brain
Commun. 2022, 4, fcac303. [CrossRef]

Liu, W.; McIntire, K.; Kim, S.H.; Zhang, ].; Dascalos, S.; Lyons, K.E.; Pahwa, R. Bilateral Subthalamic Stimulation Improves Gait
Initiation in Patients with Parkinson’s Disease. Gait Posture 2006, 23, 492-498. [CrossRef]

Jian, Y.; Winter, D.A.; Ishac, M.G.; Gilchrist, L. Trajectory of the Body COG and COP during Initiation and Termination of Gait.
Gait Posture 1993, 1, 9-22. [CrossRef]

Elble, R.]J.; Moody, C.; Leffler, K.; Sinha, R. The Initiation of Normal Walking. Mov. Disord. 1994, 9, 139-146. [CrossRef]

Breniere, Y.; Cuong Do, M.; Bouisset, S. Are Dynamic Phenomena Prior to Stepping Essential to Walking? J. Mot. Behav. 1987, 19,
62-76. [CrossRef]

Brecl Jakob, G.; Pelykh, O.; Plate, A.; Kosutzkd, Z.; Pirtosek, Z.; Trost, M.; lmberger, J.; Valkovic, P.; Mehrkens, ].H.; Botzel, K.
Hypometric Anticipatory Postural Adjustments in Dystonia Are Not Affected by Deep Brain Stimulation of Globus Pallidus
Internus. Neurosci. Lett. 2017, 636, 151-157. [CrossRef]

Rocchi, L.; Carlson-Kuhta, P; Chiari, L.; Burchiel, K.J.; Hogarth, P.; Horak, EB. Effects of Deep Brain Stimulation in the Subthalamic
Nucleus or Globus Pallidus Internus on Step Initiation in Parkinson Disease: Laboratory Investigation. J. Neurosurg. 2012, 117,
1141-1149. [CrossRef]

Ng, T.H.B.; Sowman, P.F,; Brock, J.; Johnson, B.W. Neuromagnetic Imaging Reveals Timing of Volitional and Anticipatory Motor
Control in Bimanual Load Lifting. Behav. Brain Res. 2013, 247, 182-192. [CrossRef]

Horak, F.B.; Dimitrova, D.; Nutt, J.G. Direction-Specific Postural Instability in Subjects with Parkinson’s Disease. Exp. Neurol.
2005, 193, 504-521. [CrossRef]

Juras, G.; Stomka, K.; Fredyk, A.; Sobota, G.; Bacik, B. Evaluation of the Limits of Stability (LOS) Balance Test. J. Hum. Kinet. 2008,
19, 39-52. [CrossRef]

McIntyre, C.; Richardson, S.; Frankemolle, A.; Varga, G.; Noecker, A.; Alberts, J. Improving Postural Stability via Computational
Modelling Approach to Deep Brain Stimulation Programming. In Proceedings of the 2011 Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, Boston, MA, USA, 1 December 2011.

Nantel, J.; McDonald, J.C.; Bronte-Stewart, H. Effect of Medication and STN-DBS on Postural Control in Subjects with Parkinson’s
Disease. Park. Relat. Disord. 2012, 18, 285-289. [CrossRef] [PubMed]

Shivitz, N.; Koop, M.M.; Fahimi, J.; Heit, G.; Bronte-Stewart, H.M. Bilateral Subthalamic Nucleus Deep Brain Stimulation
Improves Certain Aspects of Postural Control in Parkinson’s Disease, Whereas Medication Does Not. Mov. Disord. 2006, 21,
1088-1097. [CrossRef] [PubMed]

Colnat-Coulbois, S.; Gauchard, G.C.; Maillard, L.; Barroche, G.; Vespignani, H.; Auque, J.; Perrin, P.P. Bilateral Subthalamic Nucleus
Stimulation Improves Balance Control in Parkinson’s Disease. J. Neurol. Neurosurg. Psychiatry 2005, 76, 780-787. [CrossRef]

Guehl, D.; Dehail, P.; De Seze, M.P.; Cuny, E.; Faux, P; Tison, F,; Barat, M.; Bioulac, B.; Burbaud, P. Evolution of Postural Stability
after Subthalamic Nucleus Stimulation in Parkinson’s Disease: A Combined Clinical and Posturometric Study. Exp. Brain Res.
2006, 170, 206-215. [CrossRef]

De la Casa-Fages, B.; Alonso-Frech, F.; Grandas, F. Effect of Subthalamic Nucleus Deep Brain Stimulation on Balance in Parkinson’s
Disease: A Static Posturographic Analysis. Gait Posture 2017, 52, 374-380. [CrossRef]


https://doi.org/10.1016/j.clinph.2008.07.220
https://doi.org/10.1371/journal.pone.0259862
https://doi.org/10.1523/JNEUROSCI.02-05-00536.1982
https://doi.org/10.1016/j.gaitpost.2004.11.009
https://doi.org/10.1016/j.gaitpost.2016.02.009
https://doi.org/10.1016/j.gaitpost.2014.02.012
https://doi.org/10.1038/s41598-021-02813-y
https://www.ncbi.nlm.nih.gov/pubmed/34876604
https://doi.org/10.1093/braincomms/fcac303
https://doi.org/10.1016/j.gaitpost.2005.06.012
https://doi.org/10.1016/0966-6362(93)90038-3
https://doi.org/10.1002/mds.870090203
https://doi.org/10.1080/00222895.1987.10735400
https://doi.org/10.1016/j.neulet.2016.11.015
https://doi.org/10.3171/2012.8.JNS112006
https://doi.org/10.1016/j.bbr.2013.03.020
https://doi.org/10.1016/j.expneurol.2004.12.008
https://doi.org/10.2478/v10078-008-0003-0
https://doi.org/10.1016/j.parkreldis.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22130147
https://doi.org/10.1002/mds.20905
https://www.ncbi.nlm.nih.gov/pubmed/16671073
https://doi.org/10.1136/jnnp.2004.047829
https://doi.org/10.1007/s00221-005-0202-z
https://doi.org/10.1016/j.gaitpost.2016.12.025

Brain Sci. 2025, 15, 535 17 of 18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Liu, W.; McIntire, K.; Kim, S.H.; Zhang, J.; Dascalos, S.; Lyons, K.E.; Pahwa, R. Quantitative Assessments of the Effect of Bilateral
Subthalamic Stimulation on Multiple Aspects of Sensorimotor Function for Patients with Parkinson’s Disease. Park. Relat. Disord.
2005, 11, 503-508. [CrossRef]

Oz, F; Yucekeya, B.; Huzmeli, I.; Yilmaz, A. Does Subthalamic Nucleus Deep Brain Stimulation Affect the Static Balance at
Different Frequencies? Neurocirugia 2023, 34, 60-66. [CrossRef]

Vallabhajosula, S.; Haq, L.U.; Hwynn, N.; Oyama, G.; Okun, M,; Tillman, M.D.; Hass, C.]. Low-Frequency versus High-Frequency
Subthalamic Nucleus Deep Brain Stimulation on Postural Control and Gait in Parkinson’s Disease: A Quantitative Study. Brain
Stimul. 2015, 8, 64-75. [CrossRef]

Cani, I.; D"Ascanio, I.; Baldelli, L.; Lopane, G.; Ranciati, S.; Mantovani, P; Conti, A.; Cortelli, P.; Calandra-Buonaura, G.; Chiari, L.;
et al. Evaluating gait and postural responses to subthalamic stimulation and levodopa: A prospective study using wearable
technology. Eur. J. Neurol. 2025, 32, €16580. [CrossRef]

Szlufik, S.; Kloda, M.; Friedman, A.; Potrzebowska, I.; Gregier, K.; Mandat, T.; Przybyszewski, A.; Dutkiewicz, J.; Figura, M.;
Habela, P; et al. The Neuromodulatory Impact of Subthalamic Nucleus Deep Brain Stimulation on Gait and Postural Instability
in Parkinson’s Disease Patients: A Prospective Case Controlled Study. Front. Neurol. 2018, 9, 906. [CrossRef] [PubMed]

Sato, K.; Aita, N.; Hokari, Y.; Kitahara, E.; Tani, M.; Izawa, N.; Hatori, K.; Nakamura, R.; Sasaki, F.; Sekimoto, S.; et al. Balance and
Gait Improvements of Postoperative Rehabilitation in Patients with Parkinson’s Disease Treated with Subthalamic Nucleus Deep
Brain Stimulation (STN-DBS). Park. Dis. 2019, 2019, 7104071. [CrossRef] [PubMed]

Collomb-Clerc, A.; Welter, M.L. Effects of Deep Brain Stimulation on Balance and Gait in Patients with Parkinson’s Disease:
A Systematic Neurophysiological Review. Neurophysiol. Clin. 2015, 45, 371-388. [CrossRef]

Patel, M.; Nilsson, M.H.; Rehncrona, S.; Tjernstrom, E; Magnusson, M.; Johansson, R.; Fransson, P.A. Spectral Analysis of Body
Movement during Deep Brain Stimulation in Parkinson’s Disease. Gait Posture 2021, 86, 217-225. [CrossRef]

Patel, M.; Nilsson, M.H.; Rehncrona, S.; Tjernstrom, F.; Magnusson, M.; Johansson, R.; Fransson, P.A. Effects of Deep Brain
Stimulation on Postural Control in Parkinson’s Disease. Comput. Biol. Med. 2020, 122, 103828. [CrossRef]

Temiz, G.; Santin, M.D.N; Olivier, C.; Collomb-Clerc, A.; Fernandez-Vidal, S.; Hainque, E.; Bardinet, E.; Lau, B.; Frangois, C.;
Karachi, C.; et al. Freezing of Gait Depends on Cortico-Subthalamic Network Recruitment Following STN-DBS in PD Patients.
Park. Relat. Disord. 2022, 104, 49-57. [CrossRef]

Muniz, AM.S,; Liu, H.; Lyons, K.E.; Pahwa, R.; Liu, W.; Nadal, ]. Quantitative Evaluation of the Effects of Subthalamic Stimulation
on Gait in Parkinson’s Disease Patients Using Principal Component Analysis. Int. ]. Neurosci. 2010, 120, 609-616. [CrossRef]
Muniz, AM.S.; Nadal, J.; Lyons, K.E.; Pahwa, R.; Liu, W. Long-Term Evaluation of Gait Initiation in Six Parkinson’s Disease
Patients with Bilateral Subthalamic Stimulation. Gait Posture 2012, 35, 452-457. [CrossRef]

Cherif, S.; Tempier, N.; Yeche, M.; Temiz, G.; Perriere, J.; Romanato, M.; Ziri, D.; Fernandez-Vidal, S.; Hainque, E.; Maltéte, D.; et al.
Directional Subthalamic Deep Brain Stimulation Better Improves Gait and Balance Disorders in Parkinson’s Disease Patients:
A Randomized Controlled Study. Ann. Neurol. 2024, 97, 149-162. [CrossRef]

Leodori, G.; Santilli, M.; Modugno, N.; D’Avino, M.; De Bartolo, M.; Fabbrini, A.; Rocchi, L.; Conte, A.; Fabbrini, G.; Belvisi, D.
Postural Instability and Risk of Falls in Patients with Parkinson’s Disease Treated with Deep Brain Stimulation: A Stabilometric
Platform Study. Brain Sci. 2023, 13, 1243. [CrossRef]

He83, T.; Oehlwein, C.; Milani, T.L. Anticipatory Postural Adjustments and Compensatory Postural Responses to Multidirectional
Perturbations—Effects of Medication and Subthalamic Nucleus Deep Brain Stimulation in Parkinson’s Disease. Brain Sci. 2023,
13, 454. [CrossRef]

Krishnamurthi, N.; Mulligan, S.; Mahant, P.; Samanta, J.; Abbas, J.J. Deep Brain Stimulation Amplitude Alters Posture Shift
Velocity in Parkinson’s Disease. Cogn. Neurodyn. 2012, 6, 325-332. [CrossRef]

Li, H,; Liang, S.; Yu, Y.; Wang, Y.; Cheng, Y.; Yang, H.; Tong, X. Effect of Subthalamic Nucleus Deep Brain Stimulation (STN-DBS)
on Balance Performance in Parkinson’s Disease. PLoS ONE 2020, 15, €0238936. [CrossRef]

Li, H,; Liang, S.; Yu, Y.; Wang, Y.; Cheng, Y.; Yang, H.; Tong, X. Clinical Experience of Comprehensive Treatment on the Balance
Function of Parkinson’s Disease. Medicine 2020, 99, e20154. [CrossRef]

Johnson, L.; Rodrigues, J.; Teo, W.-P.; Walters, S.; Stell, R.; Thickbroom, G.; Mastaglia, F; Johnson, L. Interactive Effects of GPI
Stimulation and Levodopa on Postural Control in Parkinson’s Disease. Gait Posture 2015, 41, 929-934. [CrossRef]

Rocchi, L.; Chiari, L. Effects of deep brain stimulation and levodopa on postural sway in Parkinson’s disease. Neurol. Neurosurg.
Psychiatry 2002, 73, 267-274. [CrossRef]

Brandmeir, N.J.; Brandmeir, C.L.; Carr, D.; Kuzma, K.; McInerney, J. Deep Brain Stimulation for Parkinson Disease Does Not
Worsen or Improve Postural Instability: A Prospective Cohort Trial. Clin. Neurosurg. 2018, 83, 1173-1181. [CrossRef]

St George, R.; Carlson-Kuhta, P; King, L.; Burchiel, K.; Horak, F. Compensatory Stepping in Parkinson’s Disease Is Still a Problem
after Deep Stimulation Randomized to STN or GPi. Neurobiol. Deep. Brain Stimul. 2015, 114, 1417-1423. [CrossRef]


https://doi.org/10.1016/j.parkreldis.2005.07.001
https://doi.org/10.1016/j.neucir.2022.01.001
https://doi.org/10.1016/j.brs.2014.10.011
https://doi.org/10.1111/ene.16580
https://doi.org/10.3389/fneur.2018.00906
https://www.ncbi.nlm.nih.gov/pubmed/30429820
https://doi.org/10.1155/2019/7104071
https://www.ncbi.nlm.nih.gov/pubmed/31467660
https://doi.org/10.1016/j.neucli.2015.07.001
https://doi.org/10.1016/j.gaitpost.2021.03.023
https://doi.org/10.1016/j.compbiomed.2020.103828
https://doi.org/10.1016/j.parkreldis.2022.10.002
https://doi.org/10.3109/00207454.2010.504904
https://doi.org/10.1016/j.gaitpost.2011.11.006
https://doi.org/10.1002/ana.27099
https://doi.org/10.3390/brainsci13091243
https://doi.org/10.3390/brainsci13030454
https://doi.org/10.1007/s11571-012-9201-5
https://doi.org/10.1371/journal.pone.0238936
https://doi.org/10.1097/MD.0000000000020154
https://doi.org/10.1016/j.gaitpost.2015.03.346
https://doi.org/10.1136/jnnp.73.3.267
https://doi.org/10.1093/neuros/nyx602
https://doi.org/10.1152/jn.01052.2014

Brain Sci. 2025, 15, 535 18 of 18

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

St George, R.J.; Carlson-Kuhta, P; Burchiel, K.J.; Hogarth, P.; Frank, N.; Horak, F.B. The Effects of Subthalamic and Pallidal Deep
Brain Stimulation on Postural Responses in Patients with Parkinson Disease: Laboratory Investigation. J. Neurosurg. 2012, 116,
1347-1356. [CrossRef]

Ondo, W.G.; Almaguer, M.; Cohen, H. Computerized Posturography Balance Assessment of Patients with Bilateral Ventralis
Intermedius Nuclei Deep Brain Stimulation. Mov. Disord. 2006, 21, 2243-2247. [CrossRef]

Rocha, M.S.G.; De Freitas, J.L.; Costa, C.D.M.; De Oliveira, M.O.; Terzian, PR.; Queiroz, ] W.M.; Ferraz, J.B.; Tatsch, J.E.S.; Soriano,
D.C.; Hamani, C.; et al. Fields of Forel Brain Stimulation Improves Levodopa-Unresponsive Gait and Balance Disorders in
Parkinson’s Disease. Neurosurgery 2021, 89, 450-459. [CrossRef] [PubMed]

Mazzone, P.; Vilela Filho, O.; Visell, F; Insola, A.; Sposato, S.; Vitale, E.; Scarnati, E. Our First Decade of Experience in Deep
Brain Stimulation of the Brainstem: Elucidating the Mechanism of Action of Stimulation of the Ventrolateral Pontine Tegmentum.
J. Neural Transm. 2016, 123, 751-767. [CrossRef] [PubMed]

Welter, M.L.; Demain, A.; Ewenczyk, C.; Czernecki, V.; Lau, B.; El Helou, A.; Belaid, H.; Yelnik, J.; Francois, C.; Bardinet, E.; et al.
PPNa-DBS for Gait and Balance Disorders in Parkinson’s Disease: A Double-Blind, Randomised Study. J. Neurol. 2015, 262,
1515-1525. [CrossRef]

Yousif, N.; Bhatt, H.; Bain, P.G.; Nandi, D.; Seemungal, B.M. The Effect of Pedunculopontine Nucleus Deep Brain Stimulation on
Postural Sway and Vestibular Perception. Eur. J. Neurol. 2016, 23, 668—670. [CrossRef]

Bourilhon, J.; Olivier, C.; You, H.; Collomb-Clerc, A.; Grabli, D.; Belaid, H.; Mullie, Y.; Francois, C.; Czernecki, V.; Lau, B.; et al.
Pedunculopontine and Cuneiform Nuclei Deep Brain Stimulation for Severe Gait and Balance Disorders in Parkinson’s Disease:
Interim Results from a Randomized Double-Blind Clinical Trial. J. Park. Dis. 2022, 12, 639-653. [CrossRef]

Bourilhon, J.; Mullie, Y.; Olivier, C.; Cherif, S.; Belaid, H.; Grabli, D.; Czernecki, V.; Karachi, C.; Welter, M.L. Stimulation of the
Pedunculopontine and Cuneiform Nuclei for Freezing of Gait and Falls in Parkinson Disease: Cross-over Single-Blinded Study
and Long-Term Follow-Up. Park. Relat. Disord. 2022, 96, 13-17. [CrossRef]

Btaszczyk, ].W. The Use of Force-Plate Posturography in the Assessment of Postural Instability. Gait Posture 2016, 44, 1-6. [CrossRef]
Gagey, P.-M. International Standardization of Clinical Stabilometry (Minutes of the Meeting of Posturologists, Paris 07.10.2015).
Man. Ther. Posturology Rehabil. . 2020, 1-3. [CrossRef]

Yamamoto, M.; Ishikawa, K.; Aoki, M.; Mizuta, K; Ito, Y.; Asai, M.; Shojaku, H.; Yamanaka, T.; Fujimoto, C.; Murofushi, T.; et al.
Japanese Standard for Clinical Stabilometry Assessment: Current Status and Future Directions. Auris Nasus Larynx 2018, 45,
201-206. [CrossRef]

Carrick, F; Hankir, A.; Zaman, R.; Wright, C. Metrological Performance of Instruments Used in Clinical Evaluation of Balance.
Psychiatr. Danub. 2019, 31, 324-330.

Ciocca, M.; Hosli, S.; Hadi, Z.; Mahmud, M.; Tai, Y.F; Seemungal, B.M. Vestibular Prepulse Inhibition of the Human Blink Reflex.
Clin. Neurophysiol. 2024, 167, 1-11. [CrossRef] [PubMed]

Takakusaki, K. Functional Neuroanatomy for Posture and Gait Control. J. Mov. Disord. 2017, 10, 1-17. [CrossRef]

Alam, M.; Schwabe, K.; Krauss, ].K. The Pedunculopontine Nucleus Area: Critical Evaluation of Interspecies Differences Relevant
for Its Use as a Target for Deep Brain Stimulation. Brain 2011, 134, 11-23. [CrossRef]

Lizarraga, K.J.; Gnanamanogaran, B.; Al-Ozzi, TM.; Cohn, M.; Tomlinson, G.; Boutet, A.; Elias, G.].B.; Germann, ].; Soh, D.; Kalia,
S.K; et al. Lateralized Subthalamic Stimulation for Axial Dysfunction in Parkinson’s Disease: A Randomized Trial. Mov. Disord.
2022, 37,1079-1087. [CrossRef]

Devos, D.; Derambure, P.; Bourriez, J.L.; Cassim, D.F,; Blond, S.; Guieu, ].D.; Destée, A.; Defebvre, L. Influence of Internal
Globus Pallidus Stimulation on Motor Cortex Activation Pattern in Parkinson’s Disease. Clin. Neurophysiol. 2002, 113, 1110-1120.
[CrossRef]

Rocchi, L.; Chiari, L.; Cappello, A. Feature Selection of Stabilometric Parameters Based on Principal Component Analysis. Med.
Biol. Eng. Comput. 2004, 42, 71-79. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3171/2012.2.JNS11847
https://doi.org/10.1002/mds.21165
https://doi.org/10.1093/neuros/nyab195
https://www.ncbi.nlm.nih.gov/pubmed/34161592
https://doi.org/10.1007/s00702-016-1518-5
https://www.ncbi.nlm.nih.gov/pubmed/26865208
https://doi.org/10.1007/s00415-015-7744-1
https://doi.org/10.1111/ene.12947
https://doi.org/10.3233/JPD-212793
https://doi.org/10.1016/j.parkreldis.2022.01.010
https://doi.org/10.1016/j.gaitpost.2015.10.014
https://doi.org/10.17784/mtprehabjournal.2016.14.315
https://doi.org/10.1016/j.anl.2017.06.006
https://doi.org/10.1016/j.clinph.2024.08.008
https://www.ncbi.nlm.nih.gov/pubmed/39232454
https://doi.org/10.14802/jmd.16062
https://doi.org/10.1093/brain/awq322
https://doi.org/10.1002/mds.28953
https://doi.org/10.1016/S1388-2457(02)00112-8
https://doi.org/10.1007/BF02351013

	Introduction 
	Static Posturography 
	Dynamic Posturography 

	Materials and Methods 
	Results 
	Subthalamic Nucleus (STN) 
	Globus Pallidus Internus (GPi) 
	GPi vs. STN 
	Ventral Intermediate (VIM) Nucleus and Thalamic Tracts 
	Pedunculopontine Nucleus (PPN) 

	Discussion 
	Effects of DBS on Static Posturography 
	Effects of DBS on Dynamic Posturography 

	Conclusions 
	References

