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Abstract: Background/Obijectives: Deep brain stimulation of the subthalamic nucleus (STN-DBS) is a standard
surgical procedure for treating tremors and motor complications in Parkinson's Disease (PD). Its impact on
axial symptoms is still a topic of debate and not yet fully understood. The primary aim of this study was to
quantitatively evaluate the effect of frequency changes within the therapeutic window on postural control
performances of individuals with PD who had bilateral STN-responsive gait or balance problems. Methods:
Postural control was evaluated using Computerized Dynamic Posturography (CDP) with randomized DBS
frequency parameters: low (60 Hz), high (130 Hz), and very high (180 Hz) across six sensory organization test
(SOT) conditions. Results: This case series study included 20 PD participants with STN-DBS, with a mean age
of 61.2+10.1 years. There were no differences in equilibrium scores of SOT conditions between 60, 130, and 180
Hz frequencies (p> 0.05), except the SOT6 score (p=0.003), where 60 Hz showed better equilibrium performance
in SOT6, indicating an advantage in postural control when visual and somatosensory cues are disturbed, and
vestibular cues are not. Discussion: Low-frequency settings (60 Hz) in STN-DBS may benefit those who rely
heavily on visual cues while ineffectively using somatosensory and vestibular inputs. Conclusions: A tailored
approach to DBS frequency setting could optimize postural stability and reduce fall risk in these patients.
Future research could explore these mechanisms further to enhance therapeutic strategies.

Keywords: postural control; deep brain stimulation; subthalamic nucleus; Parkinson’s Disease;
sensory organization test

1. Introduction

Parkinson’s disease (PD) is a progressive, chronic neurodegenerative disorder characterized by
motor symptoms, including tremors, bradykinesia, rigidity, and postural disturbances. Subthalamic
nucleus deep brain stimulation (STN-DBS) is a standard procedure for treating tremors and motor
complications [1,2]. The impact of it on axial symptoms is still uncertain. Studies have shown that
STN-DBS patients experience improved postural instability and gait disturbances. On the contrary,
long-term follow-up studies revealed different effects on posture and gait, most showing
deterioration.[3-7]

Furthermore, the parameters used in stimulation, such as voltage, pulse width, or frequency, are
essential to study to establish optimal beneficial effects [7,8]. Su et al. showed in a meta-analysis that
the low- and high-frequency stimulation of STN had a different impact on motor symptoms and
freezing of gait[9]. Therefore, this study hypothesizes that different frequencies of STN-DBS will have
various effects on postural control in individuals with Parkinson's Disease. The primary aim of this
study is to quantitatively evaluate the impact of frequency changes on-postural control performances
of individuals with PD who had bilateral STN-DBS
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2. Materials and Methods

This case series study was conducted at Eskisehir Osmangazi University Faculty of Medicine.
Patients with PD and STN-DBS were recruited from the movement disorders outpatient clinic
between May 2021 and June 2022. They were assessed under different DBS frequency conditions in
the Research Institute for Individuals with Disability, Department of Physical Therapy and
Rehabilitation Clinic of Anadolu University, Eskisehir. The study was approved by the Ethical
Committee (Approval no/date: 2021034-2021/5) of Eskisehir Osmangazi University Medical Faculty.
This study has been carried out by the Code of Ethics of the World Medical Association (Declaration
of Helsinki) 1975, as revised in 2013. All patient details have been de-identified to prevent the
possibility of patient identification. The reporting of this study conforms to STROBE guidelines[10].

2.1. Participants

Before participating in the research, every participant gave written consent after being fully
informed. We included patients with PD diagnosed according to UK brain bank criteria [11] who had
STN-DBS and Mini-Mental State Examination (MMSE) higher than 25[12]. Individuals with other
neurological, musculoskeletal, cognitive, or psychological conditions causing gait and postural
control disruption were excluded. Patients whose postural disturbances were unresponsive to
levodopa were also excluded. The power analysis indicated a sample size of 20 participants was
adequate to detect meaningful differences in postural control measures. The flowchart for the
recruitment and allocation of PD patients is summarized in Figure 1.

Enrolliment
Assessed for eligibility in PD
patients (n=27)
Excluded (n=7)
> *Patients with postural disturbances
unresponsive to levedopa
A
PD patients who met
inclusion criteria (n=20)
Allocation

h 4

Sensory organization test of
Computerized Dynamic
Posturography

Figure 1. Flowchart for the recruitment and allocation of PD patients.

2.2. Procedures

Demographic (age, height, weight) and clinical characteristics (disease duration, time after
surgery, modified Hoehn and Yahr stage, levodopa equivalent daily doses [12]of the participants
were collected. Cognitive functions were evaluated with MMSE [12]. Participants were assessed with
the Turkish version of the Unified Parkinson's Disease Rating Scale Part III (UPDRS III) [13] and the
Freezing of Gait Questionnaire (FOGQ) [14,15]

Postural control was evaluated by sensory organization test (SOT) of Computerized Dynamic
Posturography (CDP) (Smart Balance Master, NeuroCom International, Inc., Clackamas, Oregon,
USA)[16]. Six different conditions (three static and three dynamic) were used to assess the
participant's ability to maintain an upright stance without excessive swaying, integrating
somatosensory, visual, and vestibular inputs. The three static conditions with a stable force plate
were: SOT1, participants stood with their eyes open; SOT2, participants stood with their eyes closed;
SOTS3, participants received incongruent visual feedback through a moving visual environment that
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did not match their physical sway, simulating sensory conflict. The three dynamic conditions with a
rotated force plate about the ankle joint axis in proportion to the participant’s spontaneous anterior-
posterior (AP) sway were: SOT4, participants stood with their eyes open; SOT5, participants stood
with their eyes closed; SOT6, participants received incongruent visual feedback with sway referenced
visual surround. In the sway-referenced visual surround conditions, both the visual surround and
the platform moved in sync with the participant’s body sway, creating a challenging postural
environment and the participant's visual environment rotated around the ankle joint axis in
proportion to their spontaneous sway, similar to the movement of the platform in dynamic
conditions. The participant's sway within expected angular stability limits during each SOT condition
isindicated by the equilibrium score. Participants who had little sway achieved scores near 100, while
those approaching their limits of stability scored near zero. During the SOT, participants were
evaluated three times in each condition to obtain an equilibrium score ranging between 0-100, of
which 100 indicated the best postural balance, and the final equilibrium score for each condition was
calculated by taking the average of three scores. Furthermore, a composite equilibrium score was also
calculated by taking the average of all scores of six conditions. In addition to the equilibrium score,
CDP measured “initial alignment” and “strategy” scores during each SOT condition. The “Initial
alignment” score shows a participant’s initial center of gravity (COG) position before each SOT trial.
The force plate also measured vertical forces that, along with the participant's height, were used to
calculate the COG angle. In CDP, the change in the COG angle about the ankle joint for both feet was
measured in real-time [16]. If the participant’s COG is behind or to the left of their center of foot
support, the initial alignment values are reported as negative; if the participant’s COG is in front or
to the right of their center of foot support, the initial alignment values are positive. The participant's
"Strategy" score reflects their use of ankle and hip movements to maintain equilibrium during each
20-second trial. A score near 100 indicates that the participant primarily uses the ankle strategy to
maintain equilibrium, while a score near 0 shows that the participant primarily uses the hip strategy
(NeuroCom®, 2011). The composite balance score was calculated by averaging the balance scores
obtained from the six SOT conditions.

Assessments were performed by researchers (a neurologist and a physical therapist) experienced
in movement disorders when the best motor response of patients was available at the 'on' state with
stimulator adjustments and antiparkinsonian medication, typically 60 minutes after intake of
levodopa. Order of the DBS frequency parameters of each participant was randomized, and there
was 10-minute waiting period among the low/L (60 Hz), high/H (130 Hz), and very high/VH
frequency (180 Hz) treatment settings to expire the effect of the previous frequency setting. Three
static and three dynamic sensory organization test (SOT) conditions of Computerized Dynamic
Posturography are summarised in Figure 2.

Static Conditions

SOT1 Participants stood with their eyes open

SOT2 Participants stood with their eyes closed

Participants received incongruent visual feedback with
sway referenced visual surround

SOT3

(a)
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Dynamic Conditions

5074 Participants stood with their eyes open

5075 Participants stood with their eyes closed

Participants received incongruent visual feedback with

S0T6 .
sway referenced visual surround

(b)

Figure 2. Three static (a) and three dynamic (b) sensory organization test (SOT) conditions of
Computerized Dynamic Posturography.

2.3. Statistical Analyses

Mean + Standard Deviation and Median values were given in descriptive statistics for
continuous data, and number and percentage values were given in discrete data. Kolmogorov-
Smirnov test was used to examine the conformity of the data to normal distribution. Friedman's 2-
way ANOVA analysis was used to compare the Equilibrium values at 60 Hz, 130 Hz, 180 Hz in the
SOT positions of the patients, and Friedman's Multiple Comparisons (post-hoc) test was used to
determine the time between the measurements. IBM SPSS for Windows 20.0 (SPSS Inc. Chicago, IL)
program was used in the evaluations, and p<0.05 was accepted as the statistical significance limit.
The data of the research is added as a Supplement (Supplement 1)

3. Results

3.1. Demographics and Clinical Characteristics of Participants

The study included the data of 20 participants with PD (9 women and 11 men) with a mean age
of 61.2+10.1 years. The mean duration of disease was 13.7+5.0 years, and the mean duration of STN-
DBS surgery was 3.7+2.2 years with a range of 1-9 years. Participants had a Hoehn & Yahr stage range
between 1 and 3 and UPDRS III scores between 22 and 29. Demographics and clinical characteristics
are given in Table 1.

Table 1. Demographics and clinical characteristics of participants.

Patient’s Characteristics

n=20
Age (years), Mean + SD 61.2+10.1
Female, n (%) 9 (45)
Duration of disease (years), Mean + SD, (Min-Max) 13.7£ 5.0 (8-18)
BMI (kg/m2), Mean + SD 274+29
Time after surgery (years) Mean + SD, (Min-Max) 3.7+£22(1-9)
UPDRS III score, Mean + SD 25.8+22
MMSE score, Mean + SD 27.7+17
LEDD (mg/day), Mean + SD 1165.2 + 646.9
FOGQ, Mean + SD, (Min-Max) 8.0 £0.85 (2-15)

Age (years), Mean + SD
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! BMI: Body mass index; LEDD: Levodopa equivalent daily dose; MMSE: Mini-Mental State Examination;
UPDRS III: Unified Parkinson's Disease Rating Scale Part III; FOGQ: Freezing of Gait Questionnaire, SD:
Standard deviation; min-max: minimum-maximum.

3.2. Static Postural Control

No difference was found between the Equilibrum values at 60 Hz, 130 Hz, 180 Hz in SOT1, SOT2,
and SOTS3 positions (p>0.05) (Table 2, Figure 1).

Table 2. Sensory organization Equilibrum test scores in three treatment conditions.

Frequency 60 Hz 130 Hz 180 Hz p value
Mean+SD Mean+SD Mean+SD
Median (Min-Max) Median (Min-Max) Median (Min-Max)
919+24 924+25 919+22
T1 . b
50 92 (84.3-95.3) 92.9 (85.6-95.6) 92 (86.0-95.3) 0.695
88.8+3.8 89.3+3.3 89.2+2.6
T2 .781°b
50 88.8 (77.0-96.0) 89.3 (82.3-94.6) 89.4 (83.6-94.0) 0.78
88.5+5.0 89.5+3.7 879+44
T3 .161¢b
. 50 89.0 (73.3-94.0) 90.0 (82.3-95.6) 88.4 (76.6-93.6) 0.16
Equilibrum 773+12.1 80.0+ 8.9 80.0 + 85
SOT4 o T SR 0.580°b
81.5 (48.3-90.0) 81.1 (60.3-90.3) 80.0 (58.3-92.0)
65.9 +8.9 65.6+13.5 585+17.3
T .358¢b
SOT5 65.8 (50.6-86.0) 66.6 (26.6-89.0) 64.1 (17.0-80.3) 0.35
65.5+14.5 574 +21.6 55.7 +18.6
T .003b **
S0T6 64.0 (33.3-90.3) 61.6 (14.0-92.0) 55.3 (16.7-86.6) 0.003
Composite 745+ 12.0 74.9 +10.9 729+9.7 0,307
Score 77.0 (39.0-90.0) 76.0 (46-92) 75.0 (55.0-88.0) ’

* Mean + SD and Median (Min-max) values were used as descriptive statistics. b: Friedman’s 2-way ANOVA. **:
p<0.01. SOT: Sensory organization test, SD: Standard deviation; min-max: minimum-maximum .

3.3. Dynamic Postural Control

There were no differences in equilibrium scores of SOT4 and SOT5 conditions. There was a
difference between the Equilibrum values at 60 Hz, 130 Hz, 180 Hz in SOT6 position (p<0.01).
According to Friedman's Multiple Comparisons (post-hoc) test results, there was a difference
between Equilibrum values at 60 Hz and 130 Hz and between Equilibrum values at 60 Hz and 180
Hz. Equilibrum values at 130 Hz were found to be lower than the Equilibrum values measured at 60
Hz (p=0.004) and Equilibrum values at 180 Hz were found to be lower than the Equilibrum values
measured at 60 Hz (p=0.028). There was no difference between Equilibrum values at 130 Hz and 180
Hz (p>0.05) (Table 2, Figure 3).
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Equilibrum Score

100

90 ——————
80
70

‘0 \\

50

—_—

40 p<0.01

60 Hz 130 Hz pPs0-05

SOT1 SOT2 SOT3

SOT4 SOT5 === 5OT6

Figure 3. Equilibrum values at60 Hz, 130 Hz, 180 Hz in SOT1, SOT2, SOT3, SOT4, SOT5 and SOT6
positions.

According to the post-hoc analysis, participants with 60 Hz showed significantly better
equilibrium performance in SOT6, which is disturbed visual & somatosensory and undisturbed
vestibular systems. The participants had similar COG and strategy scores between 60, 130, and 180
Hz frequencies (p> 0.05 for all scores). There was no difference between the Composite Scores at 60
Hz, 130 Hz and 180 Hz (p>0.05).

4. Discussion

This study may be one of the most structured studies to evaluate the effect of several frequency
parameters on postural sway in patients with PD with STN-DBS. We assessed the effect of low-
frequency stimulation between 60 Hz, high-frequency stimulation at 130 Hz, and very high-
frequency stimulation at 180 Hz on postural control in patients with PD who underwent bilateral
STN-DBS, using objective measurements. Results from the current study revealed that the
performance at low frequencies was similar to that at higher frequencies. Values of postural sway did
not differ in selected frequency parameters. The only exception was SOT6, in which individuals did
better on low frequencies (60 Hz) when compared with higher frequencies (130, 180 Hz). This
suggests that the mechanisms of STN-DBS frequency modulation may involve more complex
interactions with sensory integration processes, potentially affecting neuroplasticity in sensory
pathways. Future research could explore these mechanisms further to enhance therapeutic
strategies. The DBS frequency settings for improvement of axial symptoms of PD are still
controversial. An increasing number of reports have explored the use of low-frequency stimulation
on gait symptoms[17-20] and postural control [20].

4.1. Static Postural Control

For static postural control, there was no effect of using either 60, 130, or 180 Hz frequency
stimulation. Previous studies have shown the improvement of clinical measures of postural stability
with low-frequency (60 Hz) STN-DBS. In a trial by Xie et al. [21], individuals with PD who underwent
STN-DBS were compared for the effects of 60 Hz and 130 Hz stimulation. The results showed that 60
Hz stimulation significantly improved axial symptoms, which included swallowing, as assessed by
UPDRS III axial subscores. On the contrary, Vallabhajosula et al. [20] also studied the impact of low-
(60 Hz) and high-frequency (>100 Hz) STN-DBS on postural control and gait characteristics and
revealed no significant differences between these frequency levels. In this current study, there was
no effect of using either low, high, or very high-frequency stimulation for static postural control.
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4.2. Dynamic Postural Control

The results for dynamic stability reported by studies investigating different STN-DBS
stimulation settings are almost entirely subjective, with clinical scales or accelerometer-based
harmonic ratio measurements[17,20-23]. Dynamic postural control can be evaluated objectively with
accelerometer-based harmonic ratio measurement. Higher harmonic ratios were considered to
represent greater gait rhythmicity and dynamic postural stability. Dynamic postural control was
evaluated by calculating the harmonic ratio with an accelerometer. A study conducted this way
reported that lower frequency was better with dynamic postural control. However, in the current
study, the method gives information about dynamic postural control with a more objective,
quantitative, and reliable method. Another study revealed that the dynamic postural control at low-
frequency was similar to the higher frequency stimulations. In that study, only eyes-opened and
closed evaluations were performed[20]. Similarly, the current study showed no difference between
the frequencies of SOT4 (eyes open) and SOT5 (eyes closed) performances. In addition, the present
study showed that 60 Hz patients had significantly better equilibrium performance in SOT6, which
is a disturbed visual & somatosensory system and undisturbed vestibular system condition. The
dynamic postural controls of the participants are only impaired when they are challenged. The effect
of very high-frequency stimulation on dynamic postural control has not been evaluated in previous
studies. In the current study, the effect of not only low-frequency but also very high and high-
frequency stimulation was examined. Dynamic postural control in very high-frequency stimulation
is unchanged compared to high-frequency. In brief, we think that the reason for the controversial
result of previous studies in the measurement methods. When evaluated objectively, the difference
between frequencies regarding postural control is negligible. While our findings suggest minimal
postural disturbance across frequencies, clinicians should consider the study's limitations, including
the short duration of frequency application. Longer stimulation periods may yield different
outcomes.

4.3. Limitations

The current study has several limitations. The small sample size (n<30) potentially affecting
the generalizability of the results to a larger population. A 10-minute adaptation period was used
among the three frequency conditions so a more extended period could evoke various results in the
dependent variables. All measurements were performed in an ON-medication state, so an interaction
of various frequency stimulation with medication could stimulate some effects on the postural
control. In addition, it could be better to interpret the results and the change in adults' postural control
levels in different test conditions and frequencies by applying more than one measurement. The
results in the current study do not reflect the long-term effects of the various frequency conditions;
they include acute effects on the postural control.

5. Conclusions

Results from the current study indicated that though low-frequency stimulation (60 Hz)
produced similar results compared to high (130 Hz) and very high-frequency (180 Hz) stimulation
for postural control, the low-frequency may be useful for individuals with PD who were over-reliant
on visual cues and ineffective use of somatosensory and vestibular cues. In addition to the sensory
organization test, various motor control tests should be applied to verify the short and long-term
effects of low-frequency stimulation on the target group.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, The data of the research is added as a Supplement (Supplement 1).
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