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Abstract

Background

Balance impairment in Parkinson’s disease is multifactorial and its changes due to subthala-

mic stimulation vary in different studies.

Objective

We aimed to analyze the combination of predictive clinical factors of balance impairment in

patients with Parkinson’s disease treated with bilateral subthalamic stimulation for at least

one year.

Methods

We recruited 24 patients with Parkinson’s disease treated with bilateral subthalamic stimula-

tion and 24 healthy controls. They wore an Opal monitor (APDM Inc.) consisting of three-

dimensional gyroscopes and accelerometers in the lumbar region. We investigated four

stimulation conditions (bilateral stimulation OFF, bilateral stimulation ON, and unilateral

right- and left-sided stimulation ON) with four tests: stance on a plain ground with eyes open

and closed, stance on a foam platform with eyes open and closed. Age, disease duration,

the time elapsed after implantation, levodopa, and stimulation responsiveness were ana-

lyzed. The distance of stimulation location from the subthalamic motor center was calculated

individually in each plane of the three dimensions. We analyzed the sway values in the four

stimulation conditions in the patient group and compared them with the control values. We

explored factor combinations (with age as confounder) in the patient group predictive for

imbalance with cluster analysis and a machine-learning-based multiple regression method.
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Results

Sway combined from the four tasks did not differ in the patients and controls on a group

level. The combination of the disease duration, the preoperative levodopa responsiveness,

and the stimulation responsiveness predicted individual stimulation-induced static imbal-

ance. The more affected patients had more severe motor symptoms; primarily, the proprio-

ceptive followed by visual sensory feedback loss provoked imbalance in them when

switching on the stimulation.

Conclusions

The duration of the disease, the severity of motor symptoms, the levodopa responsiveness,

and additional sensory deficits should be carefully considered during preoperative evalua-

tion to predict subthalamic stimulation-induced imbalance in Parkinson’s disease.

Introduction

The long-term effects of subthalamic stimulation (STN DBS) on postural instability in Parkin-

son’s disease (PD) still need exploration.

In PD, different elements of balance control (balance during quiet stance, the reactive pos-

tural adjustments to external perturbations, the anticipatory postural adjustment in prepara-

tion for voluntary movements, and the dynamic balance during movements) are abnormal,

and their interaction disposes patients towards falls [1]. Balance impairments were docu-

mented already in the prodromal [2] and the early stage of Parkinson’s disease [3] and

increased with disease progression [4], along with the neurodegeneration in dopaminergic

and non-dopaminergic networks [5,6]. They contribute to disability [7] and falls [8]. Integra-

tion disturbances of vestibular [9], proprioceptive and visual information, altered background

muscle tone covering stooped posture [10], abnormal patterns of motor adjustment, ortho-

static hypotension, frontal executive dysfunction, and even mild cognitive impairment [11]

may interfere with reconciliation of normal balance mechanisms in PD [1,12]. Furthermore,

static imbalance increases with age, even in healthy subjects with closed eyes [13]. Addition-

ally, an altered step strategy, biomechanical impairments [14], and possible comorbidities play

a role in imbalance with older age [15]. Levodopa therapy further worsens balance as the dis-

ease progresses [5,16,17]. Subthalamic stimulation has a beneficial effect on postural instability

in the first 9–12 months of the therapy, which wanes over time [18–21] as a result of a possible

neuromodulatory effect [21] or as a result of the disease progression [18]. Nevertheless, cross-

sectional studies reported a positive effect of STN DBS on axial symptoms, even 6–18 months

[22], 3–69 months [23], and 36±21.6 months [24] after surgery in patient cohorts. It was also

observed that switching the STN DBS on may improve or worsen balance in individual

patients [25]. Its underlying causes are still unclear as earlier studies assessed different elements

of the balance control with diverse sample sizes and methods (S1 Table).

Several studies have analyzed the influence of STN DBS on balance within the first year of

the postoperative phase [16,25–30]; therefore, the early benefits and not the long-term effects

have been investigated. Additionally, only a few studies on balance have analyzed the influence

of the active contact location [18,25,31]. Multiple clinical factors and their possible combina-

tions contributing to changes in postural instability have not yet been investigated. Its mecha-

nism has also not been explored.
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In the present study, we hypothesized that factor combinations from disease-related vari-

ables and individual location of the active contacts are predictive for developing static imbal-

ance while switching the stimulation on in patients with long-term STN DBS therapy. We

used motion sensors to describe stance in quiet and proprioceptive, visual sensory conflict sit-

uations quantitatively to investigate if visual or proprioceptive information dependency is

more characteristic of stimulation-induced imbalance.

Materials and methods

Participants

We recruited 24 PD patients treated with bilateral STN DBS and an age-matched group of 24

healthy controls. Exclusion criteria were significant orthopedical/rheumatological disorders or

visual disability not correctable with eyeglasses.

The Core Assessment Program for Surgical Interventional Therapies for Parkinson’s Dis-

ease [32] was followed when indicating the surgery. The inclusion criteria of the PD patients

with DBS treatment were as follows: there were at least 12 months elapsed since the operation,

stable stimulation parameters and clinical state for at least 3 months.

For individual anatomical planning, preoperative contrast-enchanced MR (3T Phlilips

Achieva) images and stereotactic contrast-enchanced CT sequences (made on the day of sur-

gery) were merged using the Medtronic FrameLink 5 software. Intraoperative electrophysio-

logical mapping was executed with five microelectrodes. Clinical symptoms were controlled

through macrostimulation [33].

Ethical approval (reference number: 271/2013) was obtained from the Regional and Institu-

tional Committee of Science and Research Ethics, Semmelweis University and patients signed

informed consent forms.

Measurement protocol

We used a wireless Opal monitor (APDM Inc.) consisting of three-dimensional gyroscopes

and accelerometers placed on the lumbar region to measure sway [34]. The sample rate was

128Hz.

The patients executed the Instrumental Clinical Test of Sensory Integration and Balance

(ICTSIB), each part of which lasted for 3x30 seconds: stance on a plain ground with arms

folded across the chest with eyes open (OG) and eyes closed (CG), stance on foam with arms

folded across the chest with eyes open (OF) and eyes closed (CF) in randomized order. Feet

position was set with a foot block in every patient.

The patients were on not less than a 12h long medication withdrawal at the measurement.

We screened four stimulation conditions sequentially, in counterbalanced order: bilateral

stimulation OFF (OFF), bilateral stimulation ON (StimON), unilateral right-sided (R-Sti-

mON), and left-sided (L-StimON) stimulation ON. We stimulated the clinically used contacts

during the complete study, with the stimulation parameters used for therapeutic purposes. A

1-hour time interval was maintained as a washout period between testing in two-different

stimulation conditions. Patients and controls repeated each ICTSIB test three times one after

another and the average values of the three trials were further analyzed to increase reliability.

Study protocol is presented in Fig 1.

The outcome measure and the collected clinical factors

We calculated sway (m2/s4; the area of the 95% confidence ellipse, average of the three trials)

in each task and combined sway (mean of sway values measured in the four ICTSIB tasks)
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values in StimON, OFF, R-StimON and L-StimON stimulation conditions with Mobility Lab

Software (APDM Inc.). We have chosen this parameter because it characterizes the resulting

degree of imbalance in both anterior-posterior and medial-lateral directions [17]. This param-

eter was shown to have good test-retest reliablility in both the PD and control group, and cor-

related well with the postural instability and gait disability subscore of the Unified Parkinson’s

Disease Rating Scale (UPDRS) scale [35]. It had been earlier validated against the center of

pressure displacement measured by a force plate [35].

We determined the International Parkinson and Movement Disorders Society (MDS)-

UPDRS III. scores in StimON and OFF stimulation conditions at the time of measurement.

We collected the following disease-related parameters: age, disease duration, Hoehn-Yahr

stage before and one year after operation, time elapsed since operation, the levodopa respon-

siveness calculated from the rate of UPDRS III scores in preoperative MED ON and OFF state

(dopamine agonists were only stopped one day before the test because patients did not tolerate

the discomfort). We determined the stimulation responsiveness from the ratio of the postoper-

ative MDS-UPDRS III. scores in MED OFF-StimON and MED OFF-STIM OFF states, at the

time of measurement.

Anatomical localization of the active DBS contact

We specified the anatomical location of the active contacts. The postoperative CT scans

acquired at least 3 months after lead implantation were co-registered with anatomical T1

images using the following parameters: FMRIB Software Library ver. 5.0.9., FLIRT toolbox,

linear registration, 6 degrees of freedom, mutual information. Coordinates of the active con-

tacts were calculated using Euclidean vectorial calculations by selecting the most distal and

proximal points along the lead. The contact distances were determined according to physical

characteristics of the lead (Medtronic Minneapolis, 3389–28, 1.5 mm contact length, 0.5 mm

interconnect interspace). The reference point in the dorsolateral STN has been identified as a

mathematical center point of the motor portion according to the Atlas [36]. MNI2009 T1

images were co-registered to T1 anatomical images. Mathematical center points of the motor

Fig 1. Measurement protocol.

https://doi.org/10.1371/journal.pone.0264114.g001
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STN regions were warped to an anatomical T1 space using the warp field obtained during

non-linear registration (FNIRT, FMRIB Software Library ver. 5.0.9). Distances between the

active contacts and the warped motor centers were calculated in each plane of the three-

dimensions in millimeters.

Statistical comparisons

We performed statistical analysis (Table 1) with the Tibco Statistica software (version:

13.5.0.17) on the sway values and the collected clinical data (Tables 2 and S2).

Normal distribution of the data was first determined with the Kolmogorov-Smirnov test;

according to the results, we used parametric or non-parametric statistical tests. We did not

exclude outlier values.

The combined sway values and the sway values in the tasks, in the different stimulation

conditions were compared with control values using the one-tailed unpaired Student t-test.

Table 1. Summary of the performed statistical tests.

Analyzed variables Statistical test Auxiliary test

All data set, distribution fitting Kolmogorov-Smirnov test

Sway and combined sway values PD-Control One-tailed Student t-test Bonferroni

correction

Sway in the tasks and stimulation conditions within PD and

control group separately

ANOVA for repeated

measures

Neumann-Keuls post

hoc test

StimON/OFF combined sway ratio, clinical parameters:

worsening-improving PD group

Mann-Whitney U test

StimON/OFF sway ratio in the 4 tasks within the improving

and worsening subgroup separately

Wilcoxon signed-rank test Bonferroni

correction

StimON/OFF sway ratio in the 4 tasks improving-worsening

subgroup

Mann-Whitney U test Bonferroni

correction

Age-combined sway in StimON, OFF and controls Pearson correlation test

Combination of clinical data predicting combined sway Cluster analysis

Support Vector Regression

(SVR) analysis

https://doi.org/10.1371/journal.pone.0264114.t001

Table 2. Demographics and clinical data of the recruited patients.

Feature Values; median and (IQR)

Disease duration 13 (11–18) years

Time since surgery 26 (14.5–43) months

Levodopa equivalent dose Preoperative 915 (617–1175) mg

At the study 266 (200–450) mg

Preoperative UPDRS III. score MED-OFF 28 (23–50) points

MED-ON 6 (1.5–12.5) points

MDS-UPDRS III. score at the study MED-OFF, Stim-OFF 33 (22.5–45) points

MED-OFF, Stim-ON 13 (7–17) points

Hoehn-Yahr stage Preoperative 3 (2.5–3)

One year after

operation

1 (1–1.5)

Parkinson’s Disease Questionnaire (PDQ-39) single index
score

Preoperative 25.4 (14.5–33.9)

One year after

operation

20.05 (11.5–25.1)

UPDRS: Unified Parkinson’s Disease Rating Scale

https://doi.org/10.1371/journal.pone.0264114.t002
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The p value was determined after a Bonferroni correction. Sway values in the tasks and the

stimulation conditions were compared with ANOVA for repeated measures within the PD

and control group separately. The within factors were as follows: TASK in both groups with an

added STIMULATION CONDITION in the PD group. For multiple comparisons we used the

Newman-Keuls test.

We divided the patient group into two subgroups as follows: improving balance (StimON/

OFF ratio� 1) and worsening balance (StimON/OFF ratio > 1) after switching the stimula-

tion on. We used the Mann-Whitney U test to compare StimON/OFF ratio, age, disease dura-

tion, preoperative and postoperative Hoehn-Yahr stages, time elapsed after operation, the

preoperative UPDRS III MED-OFF scores, the preoperative levodopa responsiveness, the

stimulation responsiveness and the distances of the active contact from the center point of dor-

solateral STN in the three dimensions in the two subgroups. StimON/OFF sway ratio was

compared between the sensory tasks within subgroups with Wilcoxon signed-rank test and

between subgroups with Mann-Whitney U test. The level of significance was adjusted with

Bonferroni correction.

We calculated a correlation between age and combined sway values with the Pearson Cor-

relation test in the controls and patients in StimON and OFF stimulation conditions.

The level of significance was set to p = 0.05.

The Support Vector Regression (SVR) analyses

We used the Support Vector Regression (SVR) analysis to assess relationship between com-

bined sway and the clinical variables because their association was nonlinear. We aimed to

find combinations of two variables as best predictors of imbalance. To evaluate the incremen-

tal diagnostic value of pairs of parameters, we performed a 2-step procedure. First, we per-

formed a cluster analysis by grouping all possible combinations (always a pair) of variables to

identify pairs with an area under the curve (AUC) > 0.5. Cumulative sums were estimated

between 2 parameters by normalizing each parameter to the mean value before summation.

Cumulative sums were built for the combination of disease duration and the differences in the

Euclidean distance separately for each direction. Second, we built the composite score by esti-

mating the error for those combinations that had survived the first step, and by assigning the

weights based on the least error. The composite score represents a four-predictor combination

model that includes disease duration and all the distances in the three directions X, Y and Z.

The same procedure was followed for the preoperative levodopa responsiveness and the stimu-

lation responsiveness (%).

The Support Vector Regression (SVR) analysis–representing a machine-learning-based

multiple regression method–could associate the observed and trained values and present the

regression coefficient for the accuracy of the prediction [37]. In this study, a data-driven

regression model was implemented without explicitly stating a functional form indicating a

nonparametric technique.

In short, the algorithm looks for an optimally separating threshold between the two data

sets by maximizing the margin between the classes’ closest points. The points lying on the

boundaries are called support vectors and the middle of the margin is the optimal separating

threshold. Since, in most cases, using a linear separator is not ideal, a projection into a higher

dimensional space was performed, whereby the data points effectively become linearly interre-

lated. Here, we have used the radial basis function kernel for this projection due to its good

performance as discussed in [38] and the grid search (min = 1; max = 10) to find the few opti-

mal input parameters namely R (type of regression algorithm; 1 to 1000) and gamma (0.25).

The selection was checked by a 10-fold cross validation by taking 75% of the data for training
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and 25% for testing. A soft-margin classifier of the calculated independent variables was used

for every parameter, and spurious correlations were weighted by a penalty constant P. In order

to optimize regression accuracy, this was calculated for every regressor. The validation scheme

was used to assess whether the included independent parameters that were retinal layers sur-

vived in the linear regression. Additionally, we used two parameters as confounders in the

analyses, namely, age and tremor.

Results

Clinical data

The characteristics of the patient group are summarized in Table 2. There were 5 females and

19 males in the PD group, and 13 females and 11 males in the control group. Parameters of the

stimulation are summarized in S2 Table.

Sway in the four tasks, combined sway

Sway values were significantly higher in the eyes closed-foam task than in the other tasks in the

PD (TASK within factor: F3-69 = 14.54; p<0.01 in all comparisons) and the control group (F3-

69 = 30.82; p<0.01 in all comparisons). Sway in the eyes open-ground and eyes open-foam task

was significantly larger in the PD group in OFF (p<0.001 and p = 0.01 sequentially) and Sti-

mON (p = 0.006 and p = 0.012 sequentially) stimulation conditions than in controls (corrected

p<0.0125; Fig 2). Stimulation conditions did not significantly influence the sway values on the

PD group level (STIMULATION within factor: F3-69 = 0.396; p = 0.76).

Combined sway values (average of the sway in the OG, OF, CG and CF tasks) did not differ

in PD in the OFF and StimON state and in controls (p>0.04 in all comparisons; level of signifi-

cance: p = 0.005; Fig 3A) on the group level.

Comparison of subgroups with improving and worsening balance due to

stimulation

To explore individual balance changes due to the stimulation, we created two subgroups of PD

patients according to the StimON/OFF sway ratio differences as follows: improving (n = 10)

and worsening subgroup (n = 12; sway ratio difference: p<0.001; Fig 3B). Neither did age, dis-

ease duration, time since surgery, the preoperative levodopa responsiveness, nor did stimula-

tion responsiveness differ significantly in the two subgroups (Table 3). The Hoehn-Yahr stage

at the preoperative phase was more advanced in the worsening than in the improving group

(Table 3). Active contact distances from the center point of dorsal STN were significantly dif-

ferent only along the z axis in the left STN in the two subgroups, which suggested that there

was more inferior stimulation in the left STN in the worsening group (Table 3, Fig 4). We ana-

lyzed the effect of bilateral STN DBS (StimON/OFF sway ratio) on sway in the four tasks. The

StimON/OFF sway ratio was similar in the four tests in the subgroups; however, it was larger

in the worsening compared to the improving subgroup, especially during dynamic changes of

proprioceptive sensory feedback and suspended visual information (stance on the foam with

closed eyes; Fig 5).

Prediction analysis

Before prediction analysis, we explored the relations between age and combined sway values

(Fig 6). They correlated in the PD group but not in the healthy control group (StimON-PD:

r = 0.312, p = 0.023; OFF-PD: r = 0.246, p = 0.043; HC: r = 0.156, p = 0.465). To exclude the

effect of age from the prediction analysis, we used age as a confounder.

PLOS ONE Factors affecting postural sway during subthalamic stimulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0264114 February 23, 2022 7 / 17

https://doi.org/10.1371/journal.pone.0264114


SVR results

First, we analyzed the predictive power for the composite score, which was comprised of the

disease duration and the difference in Euclidean Vectorial Distance (ED) (X, Y and Z), to pre-

dict R-StimON/OFF combined sway. We found a regression coefficient of 0.65 (p< 0.001),

which indicated a higher R-StimON/OFF combined sway associated with longer disease dura-

tion and higher ED. In the support vector mashines approach, disease duration and ED were

85% accurate at predicting the R-StimON/OFF combined sway values. We also found signifi-

cant association between the disease duration and ED, for predicting the L-StimON/OFF com-

bined sway with a regression coefficient of 0.58 (p< 0.001) and a 78% predictive accuracy

rate. This pair did not predict StimON/OFF sway significantly, the regression coefficient was

only 0.48 (p = 0.23).

Second, we analyzed the predictive power for the composite score, which comprised of the

preoperative levodopa responsiveness and the difference in ED (X, Y and Z) to predict the

L-StimON/OFF combined sway. It showed the best prediction regression coefficient of -0.61

(p< 0.001), which indicated that higher L-StimON/OFF combined sway was associated with

lower preoperative levodopa responsiveness. This pair predicted the StimON/OFF combined

sway value with a regression coefficient of -0.72 (p<0.001) and an 82% predictive accuracy. To

verify and validate the SVR results, we show the 10-fold cross validation results for each

parameter in Fig 7, Table 4.

Fig 2. Sway values in the four stimulation conditions and the four tasks. Within the patient and the control group, the sway

was significantly larger in the closed eyes-foam task (signed with #) than in the other tasks. The sway in the eyes open-ground

and eyes open-foam task was higher in the patient group in OFF and StimON stimulation conditions than in the control group.

OG: Eyes open-ground; CG: Eyes closed-ground; OF: Eyes open-foam; CF: Eyes closed-foam.

https://doi.org/10.1371/journal.pone.0264114.g002
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Fig 3. Correspondence between combined sway, symptom severity and levodopa responsiveness. (A) Combined sway on the group level did not

differ in the StimON and OFF condition in the patient group and the controls. (B) Stimulation-induced improving and worsening balance subgroups

was created based on the StimON/OFF ratio of the combined sway values. (C) UPDRS III scores in medication OFF state was significantly higher

representing more severe motor symptoms in the worsening compared to the improving subgroup. (D) Levodopa responsiveness did not distinguish

the two subgroups; however, it was higher than 60% in the improving subgroup and higher than 40% in the worsening subgroup.

https://doi.org/10.1371/journal.pone.0264114.g003

Table 3. Comparison of factors in the patients’ subgroups with improving and worsening balance with stimulation ON.

Feature median (IQR) improving group median (IQR) worsening group Mann-Whitney U test, p value

Age (years) 62.5(59–69) 65(63–69) 0.56

Disease duration (years) 13(11–18) 13.5(11–18) 0.88

Hoehn-Yahr stage preoperative 2.5(2.5–3) 3(3–3.5) 0.01
Hoehn-Yahr stage one year after operation 1(1–1.5) 1(1–1.5) 0.67

Time since surgery (months) 25.5(16–55) 14.5(12–40) 0.09

Stimulation response at the study (%) 66.5(62.7–83.3) 60(42.2–68) 0.08

Location distance from center of dorsal STN, right side (mm)

x 0.47(-0.9–0.63) 1.31(-0.06–2.26) 0.23

y -1.86(-2.52- -1.06) -1.75(-2.42- -0.22) 0.79

z 1.41(-0.75–1.61) 0.19(-1.37–1.37) 0.18

Location distance from center of dorsal STN, left side (mm)

x 1.19(0.35–2.75) 0.44(-0.42–1.99) 0.23

y -1.05(-2.43- -0.58) -1.04(-2.04–0.56) 0.58

z 1.07(0.78–3) -0.55(-1.64–1.01) 0.04

x: Medial-lateral, y: Anterior-posterior, z: Superior-inferior (Fig 4).

https://doi.org/10.1371/journal.pone.0264114.t003
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Discussion

Our results confirm that the long-term effects of STN DBS on quiet stance balance are multi-

factorial in Parkinson’s disease. The combination of the disease duration, the preoperative

levodopa responsiveness, and the stimulation responsiveness predict quiet stance postural

instability the best during long-term bilateral subthalamic stimulation. On the individual

level, a worsening of quiet stance balance while switching the stimulation on can be associated

with more severe symptoms of the disease; this mechanism may be primarily due to the attenu-

ated dependency on the proprioceptive and additionally the visual sensory feedback

information.

Quiet stance in the tasks and stimulation conditions

On the PD group level, sway did not differ in the stimulation conditions, i.e., OFF, StimON,

R-StimON, and L-StimON. We noticed that sway worsens or improves after switching on the

stimulation in different patients and that group comparisons obscure individual stimulation

effects. Therefore, we devided patients into two groups in which combined sway worsened or

improved with stimulation in the StimON compared to the OFF condition. A higher Hoehn-

Yahr stage and preoperative UPDRS III scores in medication off phase confirmed a more

severe disease in the worsening than in the improving group, suggesting that disease progres-

sion is the major cause of stimulation-induced imbalance. In the two subgroups, the worsening

or improving effect of stimulation was only partial in unilateral stimulation as compared with

the effect of bilateral stimulation.

Fig 4. Active contact locations plotted relative to the center point of the dorsolateral STN. The active contact locations (median values in the right STN: x:

0.58mm, y: -1.81mm, z: 0.61mm; left STN: x: 0.57mm, y: -1.05mm, z: 0.67mm) are presented; where x axis represents medial-lateral, the y axis the anterior-

posterior, and the z axis the superior-inferior plane. Locations are presented in grey colour if they belong to patients with improving balance when switching

bilateral STN DBS on, and in black in case of bilateral STN DBS-induced imbalance. The center point of the dorsolateral STN as the point of reference is

indicated with an asterisk in the coordinate system.

https://doi.org/10.1371/journal.pone.0264114.g004
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Fig 5. StimON/OFF sway ratio in the sensory conflict situations in the stimulation-induced improving and

worsening subgroup. The subgroup with worsening balance had larger stimulation-induced instability in the tests

except the eyes-closed, ground trials. The group with worsening balance especially could not compensate the dynamic

changes of proprioceptive feedback processes. OG: Eyes-opened, ground; CG: Eyes-closed, ground; OF: Eyes-opened,

foam; CF: Eyes-closed, foam.

https://doi.org/10.1371/journal.pone.0264114.g005

Fig 6. Age-related changes in combined sway values. The linear regressions between the age and the combined sway

values are presented in the Parkinson group during bilateral stimulation ON (StimON)-PD, no stimulation (OFF)-PD, and

in the healthy control group (Control). Combined sway worsened with age in the PD group in the StimON and OFF

stimulation conditions, but not in the control group.

https://doi.org/10.1371/journal.pone.0264114.g006
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We explored combination of clinical factors that are predictive for stimulation-induced

imbalance observed on the individual level.

The effect of disease duration and the severity of motor symptoms

Disease duration combined with the levodopa and the stimulation responsiveness was predic-

tive for imbalance during a long-term STN DBS in our study. These results are in line with

other results that express that disease duration is a potential predictor of non-levodopa-

responsive axial motor impairment in PD independent from the effect of age [39]. As aging is

an additional aggravating factor of postural instability [13,40], we set it as a confounder in the

prediction analysis; therefore, we excluded its effects when estimating the consequences of

STN DBS.

The effect of levodopa responsiveness

We show that better preoperative levodopa responsiveness is less likely coupled with stimula-

tion-induced imbalance after surgery. The clinical guideline of indications for STN DBS

Fig 7. Prediction coefficients and the accuracy of disease duration, the levodopa and stimulation responsiveness.

The 10-fold cross validated SVR results are shown separately for validation of each factor predicting the effect of the

right (R-StimON), left (L-StimON), and both sided (StimON) stimulation on balance.

https://doi.org/10.1371/journal.pone.0264114.g007

Table 4. The area under the curve (AUC) from the first step for each combination are listed separately for each independent variable namely disease duration

(DD), preoperative levodopa responses (PLR) and stimulation response (SR).

Disease Duration (DD) Preoperative levodopa responses (PLR) Stimulation responses (SR)

Combination AUC Combination AUC Combination AUC

X+Y 0.46 X+Y 0.42 X+Y 0.37

Y+Z 0.42 Y+Z 0.38 Y+Z 0.38

X+Z 0.45 X+Z 0.36 X+Z 0.29

X+DD 0.47 X+PLR 0.38 X+SR 0.39

Y+DD 0.49 Y+PLR 0.41 Y+SR 0.42

Z+DD 0.42 Z+PLR 0.43 Z+SR 0.43

ED+DD 0.56 ED+PLR 0.54 ED+SR 0.58

https://doi.org/10.1371/journal.pone.0264114.t004
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surgery [32] suggests at least a 33% improvement of the UPDRS III motor scores during a pre-

operative levodopa challenge test [41], although a 50% improvement has been associated with

a better postoperative outcome [42,43]. Comparing the subgroups that improved and wors-

ened when stimulation was turned on, the minimum levodopa responsiveness in the first

group was 65%, while in the second group it was 43%. This confirms that some components of

balance regulation are related to dopa-responsive and, in turn, stimulation responsive motor

symptoms [1,20].

The determinants of the stimulation responsiveness

Stimulation responsiveness is closely related to the levodopa responsiveness [44], the stimulat-

ing contact location, and the programming approach [45].

The relationship between the site of stimulation and the change in balance is not unequivo-

cal. A better overall motor improvement in the UPDRS III. scores were documented in the

long-term when the active contact located in the dorsolateral STN [18]. Stimulation in the dor-

sal part was more effective than in the ventral part of the STN for dynamic balance in a group

of 10 PD patients [46]. In contrast, another study described a similar dynamic balance irre-

spective of dorsal or ventral simulation while testing 23 PD patients [25]. In our study, the

median absolute distance between the active contact and the center of dorsolateral motor STN

was no more than 1.9mm on the right and 1.2mm on the left side, which had no significant

role in predicting stimulation-induced imbalance. However, in the worsening subgroup, loca-

tion of the stimulation was significantly more ventral in the left STN than what was calculated

in the improving group, which is in line with the results mentioned above. It was already spec-

ulated that a more ventral stimulation might affect PPN projections provoking imbalance [47].

Assessing the programming approach, it has been observed that bilateral stimulation has a

better effect on postural stability than unilateral stimulation [22] and that significant asymme-

try in the stimulations voltage between the two sides may worsen the interlimb coordination

[48]. The patients in this study were bilaterally stimulated, with the median interhemispheric

difference in the stimulation voltage being 0 (IQR: 0–0.01); therefore, we can confirm that the

programming strategy did not influence the results.

Sensory deficits worsen stimulation-induced instability

We employed kinematic analysis of quiet stance in different sensory conflict situations to char-

acterize balance strategies better [35]. In earlier studies, an increase has been reported in visual

dependency to maintain balance in PD [10,13], which worsens after STN stimulation [1]. Our

study showed that sway increases, especially while standing on foam in patients with stimula-

tion induced worsening of balance, which suggests an increased dependency on proprioceptive

information. However, we also confirmed a stimulation-induced increase in visual depen-

dency. These results highlight that more attention should be paid to associated diseases during

the preoperative clinical evaluation, such as polyneuropathy, which may further exacerbate

imbalance.

Limitations

A limitation of our study was that we only analyzed the quiet stance in sensory conflict situa-

tions when exploring the effect of subthalamic stimulation. However, other balance elements,

such as dynamic balance, may conteract and should also be calculated in other studies.

Another limitation is the number of subjects, testing of higher number of patients would be

beneficial.
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In conclusion, we showed that the effect of STN DBS on balance is individually variable.

Younger age, less severe motor symptoms, and preferably, more than 60% improvement in

UPDRS III scores during the levodopa challenge test are predictive for less balance problems

evoked by the bilateral STN DBS. We show that dependency on the proprioceptive informa-

tion rises with stimulation, besides visual dependency. This should be considered during the

preoperative clinical evaluation of the patients. And as the disease progresses during chronic

therapy, the testing of specific programming strategies becomes necessary.
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