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Abstract 35 

 36 

Postural instability marks one of the most disabling features of Parkinson’s disease (PD), but only 37 

reveals itself after affected brain areas have already been significantly damaged. Thus, there is a need 38 

to detect deviations in balance and postural control before visible symptoms occur. In this study, we 39 

visually perturbed balance in the anterior-posterior direction using sinusoidal oscillations of a moving 40 

room in virtual reality at different frequencies. We tested three groups: individuals with PD under 41 

dopaminergic medication, an age-matched control group, and a group of young healthy adults. We 42 

tracked their centre of pressure and their full-body motion. We investigated sway amplitudes and 43 

applied newly introduced phase-locking analyses to investigate responses across participants’ bodies. 44 

Patients exhibited significantly higher sway amplitudes as compared to the control subjects. However, 45 

their sway was phase-locked to the visual motion like that of age-matched and young healthy adults. 46 

Furthermore, all groups successfully compensated for the visual perturbation by – most likely 47 

reflexively - phase-locking their sway to the stimulus. As frequency of the perturbation increased, 48 

distribution of phase-locking (PL) across the body revealed a shift of the highest PL-values from the 49 

upper body towards the hip-region for young healthy adults, which could not be observed in patients 50 

and elderly healthy adults. Our findings suggest an impaired neuromuscular stability, but intact 51 

visuomotor processing in early stages of PD, while less flexibility to adapt postural strategy to different 52 

perturbations revealed to be an effect of age rather than disease. 53 

 54 

New & Noteworthy 55 

 56 

A better understanding of visuomotor control in Parkinson’s disease (PD) potentially serves as a tool 57 

for earlier diagnosis, which is crucial for improving patient’s quality of life. In our study, we assess 58 

body sway responses to visual perturbations of the balance control system in patients with early-to-59 

mid stage PD, using motion tracking along with recently established phase-locking techniques. Our 60 

findings suggest patients at this stage to have an impaired muscular stability but intact visuomotor 61 

control. 62 

 63 

Keywords 64 

 65 

Body sway, Postural control, Parkinson’s disease, Phase-locking, Virtual reality 66 

 67 

 68 
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Introduction 69 

 70 

Second only to Alzheimer’s, Parkinson’s disease (PD) is one of the most prevalent neurodegenerative 71 

diseases and – accompanied by our aging demography - has an ever-growing impact on modern 72 

society (Elbaz et al., 2016). The exact causes of PD are still unknown. However, there is agreement 73 

that the basal ganglia constitute the main brain area affected (Abbruzzese & Berardelli, 2003), where 74 

dying of dopaminergic neurons in the substantia nigra (SN) leads to reduced function (Elbaz et al., 75 

2016; Chen et al., 2016). The basal ganglia are involved in processing and integrating (multi-)sensory 76 

information, especially in determining subsequent motor output (Bolam et al., 2002; Abbruzzese & 77 

Berardelli, 2003; Nagy et al., 2006). As a consequence, main symptoms of PD include bradykinesia, 78 

tremor, as well as rigidity and postural instability (Bloem, 1992; Hwang et al., 2016; Feller et al., 2019). 79 

Impairment of balance and posture is generally seen as one of the most disabling features of PD 80 

(Bloem, 1992; Grimbergen et al., 2009; Hwang et al., 2016). It is followed by an increased risk of falls, 81 

which considerably reduces the quality of life (Koller et al., 1989; Horak, 2006; Benatru et al., 2008, 82 

Hwang et al., 2016; Doná et al, 2016). 83 

 84 

Crucially, motor symptoms only start to occur after about half of the cells in the SN have deceased 85 

(Fearnley & Lees, 1991). This includes postural instability, which most commonly emerges several 86 

years after the onset of motor symptoms, and is, thus, a symptom of advanced PD (Koller et al., 1989; 87 

Bloem, 1992; Hwang et al., 2016). Nevertheless, this late onset mostly accounts for those symptoms 88 

of postural instability which are apparent to a human observer and reveal themselves through simple 89 

clinical tests (Landers et al., 2008). Impairments potentially occur significantly earlier in the 90 

progression of the disease and might be detectable in more nuanced and sophisticated measures of 91 

posture and sway. In addition, postural stability is thought to be comprised of two sub-systems, a 92 

‘passive’ neuromuscular system and an ‘active’ sensorimotor system, which might be affected 93 

differently by PD (Bloem, 1992; Chen et al., 2016). Since there is still no cure for the disease, early 94 

diagnosis is the most effective tool against PD, as it allows for counter measures to be taken at early 95 

stages, facilitating better treatment and a sustainable quality of life for those affected. Thus, there is 96 

a need for biomarkers to detect the disease closer to its onset, before easily visible (motor) symptoms 97 

occur. 98 

 99 

Due to the ever-changing sensory inputs in every-day life, the human balance control system is 100 

constantly being supplied with new information to which it must respond. This typically results in a 101 

constant sway of our body around its point of equilibrium (Horak & MacPherson, 1996; Schoneburg 102 
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et al., 2013). The three main sensory inputs we use to maintain balance are vision, graviception 103 

(vestibular input) and proprioception (Bronstein et al., 1990; Horak & MacPherson, 1996; Azulay et 104 

al., 2002; Peterka & Loughlin, 2004; Horak, 2006). Investigation of this body sway, especially how it 105 

adapts under perturbations, gives insight into the underlying sensorimotor system and its processing 106 

(Lee & Lishman, 1975; Peterka, 2002; Musolino et al., 2006). It has been proposed that a major aspect 107 

of postural instability in PD is an impaired perception of movement rather than execution of 108 

movement (Richards et al., 1993; Hwang et al., 2016; Halperin et al., 2020). This includes perception 109 

of self-motion (Yakubovich et al., 2020). In this context, PD patients seem to show a higher 110 

dependence on visual information for motor and posture control (Cooke et al., 1978; Bronstein et al., 111 

1990; Azulay et al., 2002; Weil et al., 2016; Bronstein, 2019), which might be attributable to 112 

proprioceptive deficits (Abbruzzese & Bernardelli, 2003; Keijsers et al., 2005; Jacobs & Horak, 2006; 113 

Benatru et al., 2008). However, this increased dependence on vision has also been observed in older 114 

healthy adults and might be an effect of age, rather than disease (Wade et al., 1995; Toledo et al., 115 

2014). Nevertheless, visual information that perturbs the postural control system and particular 116 

nuances in the reaction of said system might be indicative of early visuomotor impairments within the 117 

progress of PD. 118 

 119 

A well-established procedure for visually perturbing the balance control system is the ‘moving-room’ 120 

paradigm, in which the visual environment is moved around the observer, eliciting the illusion of self-121 

motion and inducing visually evoked postural responses (VEPR, Lestienne et al., 1977; Bronstein et al., 122 

1990; Schöner, 1991). Since they are easy to implement and have strong analytical benefits, periodic 123 

perturbations in the form of sinusoidal oscillations of the visual surrounding have proven to be a 124 

reliable tool for the investigation of VEPR (Lee & Lishman, 1975; Schöner, 1991; Scholz et al., 2012; 125 

Hanssens et al., 2013; Cruz et al., 2018; Engel et al., 2020). Experiments of this kind have been 126 

performed with PD patients before (Bronstein et al., 1990; Hwang et al., 2016), most notably in the 127 

recent work of Cruz and colleagues (2018, 2020, 2021), who used oscillatory visual stimuli at different 128 

frequencies. In these experiments, using one kinematic measure (an optical motion tracker placed on 129 

the back), PD patients showed corrective responses to the visually moving room similar to age-130 

matched controls. 131 

 132 

Body sway is commonly measured by tracking the foot centre of pressure (COP) with a force plate, 133 

which might be supported by additional motion tracking of the upper body (Lestienne et al., 1977; 134 

Winter, 1995; Jeka et al., 1998; Jacobs & Horak, 2006; Scholz et al., 2012; Boonstra et al., 2016; Engel 135 

et al., 2020, 2021). In recent years, measuring devices adopted from the video game industry are 136 
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increasingly being established for research purposes. In particular, the Nintendo Wii Balance Board 137 

and the Microsoft Kinect v2 have extensively been validated (Dehbandi et al., 2017; Clark et al., 2018). 138 

Combined with head-mounted virtual reality headsets which allow for convenient presentation of 139 

immersive visual stimuli, these devices provide cost-effective and mobile means to assess postural 140 

control (Garner & D’Zmura, 2020; Engel et al., 2021).  141 

 142 

Prevalent methods for analysing the measures of body sway mentioned above include general sway 143 

magnitude, often expressed as root mean square (Barela et al., 2009; Cruz et al., 2018; Feller et al., 144 

2019), as well as frequency spectrograms to gain insight into the frequency content of the signals 145 

(Loughlin & Redfern, 2001; Creath et al., 2005; Musolino et al., 2006; Laurens et al., 2010; Engel et al., 146 

2020). Frequency analyses are particularly effective when the perturbation is periodic, as one can 147 

obtain the balance system’s dynamic response to the perturbation (Schöner, 1991; Musolino et al., 148 

2006; Scholz et al., 2012; Cruz et al., 2018, 2020, 2021; Engel et al., 2020, 2021). However, 149 

investigation of both body sway magnitude and spectral analyses based on frequency power have 150 

revealed high inter-subject variability and thus often lead to conflicting results, making it difficult to 151 

obtain comparable responses to the stimuli used in experiments (Kay & Warren, 2001; Sparto et al., 152 

2004; Chastan et al., 2008; Feller et al., 2019; Cruz et al., 2018, 2020, 2021). To overcome these 153 

obstacles, phase coherence analyses independent of frequency power have recently proven to be a 154 

powerful instrument to investigate responses to oscillatory stimuli (Engel et al., 2020). This includes 155 

obtaining the phase-locking value (PLV), which has been adopted from EEG-studies and evaluates 156 

phase consistency of a signal over time and across trials (Lachaux et al., 1999). Recently, we applied 157 

PLV analyses to full-body motion data in response to periodical visual stimulation, which allowed us 158 

to observe a shift in coordination strategy as a function of stimulus frequency in healthy adults (Engel 159 

et al., 2021). 160 

 161 

Taken together, current evidence on PD suggests an impaired balance response to visual stimuli, which 162 

might be evident in subtle posturographic measures. As recently established phase analyses yielded 163 

well-nuanced and reliable responses to oscillatory visual drives in healthy adults, it is intriguing to 164 

investigate how patients suffering from PD, based on kinematic data of their entire body, phase-lock 165 

to these stimuli. To incorporate possible aging-effects, it is vital to also include young healthy adults 166 

in the experiments. Thus, in this study, we used a low-cost and mobile experimental setup to 167 

implement a sinusoidal moving room paradigm at different frequencies in virtual reality that has not 168 

been previously applied to study PD. We assessed VEPR of patients with PD and two groups of 169 

participants without history of neurological impairments (i.e., age-matched and young adults) by 170 
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tracking their COP and 25 body segments and analysing the signals in terms of sway magnitude and 171 

PLV. We hypothesized (1) that PD patients show greater sway magnitude at all frequencies of 172 

stimulation due to their postural instability. Moreover (2), that due to their increased visual 173 

dependence, they are more susceptible to the visual stimulus and thus exhibit exaggerated phase-174 

locking. Thirdly (3), based on the common symptom of rigidity, that PD patients use less flexible 175 

coordination strategies across their bodies in response to the visual movement in comparison to both 176 

groups of healthy adults.  177 

 178 

 179 

Materials and Methods 180 

2.1 Participants 181 

The group of participants consisted of three cohorts. We collected data of 15 healthy young subjects 182 

(22–29 years, mean = 24.4 ± 2.2 years; 11 males, 4 females), 12 elderly healthy subjects as age-183 

matched controls (48-70 years, mean = 58.3 ± 6.9 years; 7 males, 5 females) and 18 patients diagnosed 184 

with PD according to the Movement Disorders Society clinical diagnostic criteria for Parkinson’s 185 

disease (Postuma et al., 2015; 42-76 years, mean = 58.1 ± 8.9 years; 16 males, 2 females; Hoehn and 186 

Yahr Scales 1-3; all “on” dopaminergic medication [levodopa equivalent dosage(LED): 651.63 ± 187 

529.97]). They will be referred to as YOUNG (YG), CONTROL (CT) and PD, respectively. Participants of 188 

all three groups had normal or corrected to normal vision and no known orthopaedic, musculoskeletal 189 

or neurological impairments. All subjects gave written informed consent prior to the experiment, 190 

including with regard to the storage and processing of their data. Data was collected at two locations, 191 

while all patients were recruited from University Hospital Marburg. Experimental procedures 192 

performed at Monash University, Melbourne, Australia were approved by the Monash University 193 

Human Research Ethics Committee (17956) and were conducted in accordance with the National 194 

Statement on Ethical Conduct in Human Research. Experimental procedures performed at the 195 

University of Marburg, Marburg, Germany were approved by the Ethics Committee of the Psychology 196 

Department, University of Marburg. Research including PD patients was approved by study 77/19 of 197 

the Ethics Committee of the Faculty of Medicine, University of Marburg. All research was conducted 198 

in accordance with the Declaration of Helsinki.  199 

 200 

2.2. Experimental Setup and Stimulus 201 

 202 

Our setup and stimulus have been established and used in a previous study (Engel et al., 2021). Visual 203 

stimuli were presented through a head mounted display (HTC Vive, HTC, New Taipei City, Taiwan) with 204 
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a frame rate of 90 Hz. The headset’s field of view spanned over the central 110° in both vertical and 205 

horizontal directions. Subjects’ COP was tracked using a Nintendo Wii Balance Board (WBB, Nintendo, 206 

Kyoto, Japan). We additionally performed full body motion tracking using a Microsoft Kinect v2 207 

(Microsoft, Redmond, WA, USA) which provides tracking of 25 ‘body joints’ based on an internal 208 

skeleton model in 3-D (Dehbandi et al., 2017). The Kinect was located at a distance of 210 cm in front 209 

of the WBB, at a height of 140 cm at both recording sites, Melbourne and Marburg, respectively. 210 

Subjects wore no shoes and were asked to stand relaxed with their feet about hip width apart and 211 

parallel on the WBB. They were instructed to let their arms dangle at the side of their body without 212 

effort and to maintain their gaze straight ahead. Throughout the experiment, participants wore a 213 

harness which was connected to a beam at the ceiling. The harness was arranged in such a way that 214 

it ensured the participants’ safety but did not provide any lift during trials. We used a custom-built 3-215 

D virtual environment based on the Python pyopenvr framework in OpenGL to create the visual 216 

stimulus. It consisted of a 3-D tunnel made up of black spheres (GLPoint_size = 1000 at zero distance, 217 

density = 50 per unit cube). The positions of the spheres were randomly generated along the walls of 218 

the tunnel at each trial. Their size scaled inversely with distance (the closer the larger). Subjects stood 219 

in a grey isotropic infinite space, in which the tunnel was world-fixed, its origin placed at their eyes. It 220 

stretched into the anterior-posterior direction. We arranged the position of the WBB and the virtual 221 

world in such a way that subjects were facing the Kinect. The length of the entire tunnel was set to 50 222 

m. The radial centre was individually adjusted to each participant’s eye level. This gave them the 223 

impression of standing on the ground of the tunnel. We implemented a fixation dot (GLPoint_size = 224 

5) at participant’s eye level and a distance of 24 m, close to the end of the tunnel. 225 

 226 

 227 
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Fig. 1 Experimental setup. Participants wore a virtual reality headset for visual stimulation. They stood on a Wii 228 

Balance Board to measure their COP and their body motion was captured using a Kinect markerless motion 229 

tracking camera. The headset simulated them standing inside a tunnel. In each motion trial, after a static period 230 

of 5-8 s, the tunnel oscillated in the anterior-posterior direction for 30 s at one of three frequencies (0.2 Hz, 0.8 231 

Hz, 1.2 Hz), after which it remained static again for 5 s. For details see 2.2. 232 

2.3. Experimental Paradigm 233 

The paradigm included three oscillatory movement conditions and a baseline condition, during which 234 

the tunnel remained static. In each movement condition, the tunnel first remained static for 5-8 235 

seconds (randomized) and then oscillated along the sagittal plane (anterior-posterior) for 30 seconds 236 

at distinct frequencies of 0.2 Hz, 0.8 Hz and 1.2 Hz with a randomized starting phase. The movement 237 

of the tunnel was followed by another 5 s when it remained static to provide the subjects with 238 

relaxation time (Figure 1). We scaled the amplitude of each oscillation with the inverse of its frequency 239 

to maintain a constant speed of the optic flow and to prevent velocity effects (Dokka et al., 2009; 240 

Hanssens et al., 2013). The default amplitude was set to an equivalent of 1 cm. This made the tunnel 241 

oscillate just above visual detection threshold at the highest frequency.  242 

 243 

Each subject performed 10 trials per condition in pseudorandom order. The beginning of each trial 244 

was indicated by the fixation dot changing its colour to white. Following this cue, participants stood 245 

as instructed and fixated. To ensure that subjects kept fixating and thus keep their peripheral visual 246 

field stable (Horiuchi et al., 2017; Raffi & Piras, 2019), we implemented a counting task which included 247 

transient colour flips of the fixation dot. Subjects had to count the number of flips and report the total 248 

number at the end of each trial.  249 

 250 

Between trials, the tunnel remained static, and subjects could stretch and rest for as long as they 251 

needed. These resting periods were indicated to the subjects by a red fixation dot and the following 252 

trial was started by the experimenter at their verbal command. To prevent fatigue, trials were 253 

distributed across a minimum of three blocks, between which we arranged for breaks where subjects 254 

were able to leave the setup and rest. All trials were recorded in a single session on the same day. 255 

 256 

2.4. Data analysis and statistics 257 

We used custom-made Python programs for initial raw data recording and storage. All subsequent 258 

data processing and analyses were performed in MATLAB (The MathWorks, Inc., Natick, USA). Since 259 

both the WBB and the Kinect provide rather inconsistent sampling rates (around 100 Hz and 30 Hz, 260 

respectively), data collected from both devices was resampled at 50 Hz using a Gaussian moving 261 
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average filter with a symmetric window (sigma = 1/60 s). Apart from this, no further filtering was 262 

applied to the raw data. Trial data was cut to the 30 s where the tunnel was moving (or remained 263 

stationary). For all subsequent analyses, we extracted the respective time-courses of the COP and the 264 

3-D body segments corresponding to the anterior-posterior (A-P) direction.  265 

 266 

To gain insight into the general degree of body sway across the different conditions, we used mean 267 

sway amplitude (MSA) which has been implemented before (Barela et al., 2009; Cruz et al., 2018). For 268 

this purpose, prior to calculating the standard deviation of the time courses, we subtracted a first-269 

order polynomial from the raw time courses using the detrend function in MATLAB.  270 

To investigate phase coupling of the bodily responses to the stimuli, the single trial time courses of 271 

the COP and the body segments were z-transformed and underwent a continuous complex wavelet 272 

decomposition, using the cwt function in MATLAB with generalized Morse wavelets (gamma = 3, 10 273 

voices per octave). The resulting complex wavelet spectra were phase-corrected for the randomized 274 

phase onset of each trial. To avoid edge artifacts, only wavelet coefficients that were inside the cone 275 

of influence were considered. Wavelet frequency limits were chosen separately for each condition in 276 

order to match the discrete frequency bins of the resulting spectra with the exact stimulus 277 

frequencies. 278 

 279 

Based on the acquired wavelet spectra, we used recently established phase-locking analyses adopted 280 

from EEG-studies (Lachaux et al., 1999; Engel et al., 2021) to analyse phase behaviour of the recorded 281 

COP and body segment responses. For this purpose, we normalized the wavelet coefficients to have 282 

a magnitude of one and subtracted the phase of a continuous sinewave at each respective frequency 283 

band (Eq. 1). 284 

δ𝑗(𝑡, 𝑓𝑘) =  
𝑊𝑗(𝑡, 𝑓𝑘)

𝑒𝑖2𝜋𝑓𝑘𝑡
                    (1) 285 

 286 
𝛿𝑗: normalized complex coefficients with relative phase to the stimulus at 𝑗-th trial and 𝑘-th condition, 287 

𝑊𝑗: normalized wavelet coefficients, 𝑓𝑘: frequency at condition k, 𝑡: time point 288 
 289 

At the three stimulus-frequencies (conditions), these sinewaves resembled the time-course of the 290 

stimulus. The performed subtraction hence represents the phase difference between the responses 291 

and the visual stimuli. Out of these transformed complex wavelet coefficients, we calculated the 292 

phase-locking values (PLV) by taking the average across time points for each trial and subsequently 293 

the average across trials for each subject (Eq. 2). 294 

 295 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 7, 2021. ; https://doi.org/10.1101/2021.07.05.451110doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.05.451110
http://creativecommons.org/licenses/by-nc-nd/4.0/


                      Probing visuomotor control in PD 

 10 

Φ(𝑓𝑘) =  
1

𝑇

1

𝑁
∑ ∑ 𝛿𝑗(𝑡𝑖,𝑗, 𝑓𝑘)

𝑁

𝑖=1

𝑇

𝑗=1

       (2) 296 

 297 

PLV(𝑓𝑘) = |Φ(𝑓𝑘)|                 (3)   298 

 299 

𝑃𝐿𝑉: Phase-Locking Value, 𝑁: number of time points, 𝑇: number of trials 300 

 301 

The absolute of those values then constituted the final PLVs (Eq. 3). These values represent the phase-302 

locking to the stimulus across time and trials at each frequency band and range from 0 (entirely 303 

inconsistent relative phase) to 1 (entirely consistent relative phase). Thus, the phase-locking is 304 

independent of frequency power and reflects consistency of phase between the stimulus and the 305 

bodily response over time and across trials. 306 

 307 

Due to unequal group sizes and high inter-subject variability, normality and homogeneity of variance 308 

could not be assumed. Therefore, we applied non-parametric testing on ranked data to our results. 309 

On each obtained measure, to test if group results (PD, CT, YG) came from different populations, we 310 

performed an independent samples Kruskal-Wallis test with follow-up pairwise comparisons with 311 

adjusted p-values. To test for influence of the stimulus frequency on the obtained measures for each 312 

group, we performed related-samples Friedman’s two-way ANOVA, also including follow-up pairwise 313 

testing with adjusted p-values. We considered 95% confidence intervals (p<0.05) to reject the null 314 

hypothesis. For all follow-up tests, if significant, effect sizes were calculated by dividing the respective 315 

standardized test statistic by the square root of total participants in each case. Statistical analyses 316 

were performed in SPSS (IBM, Armonk, NY, USA). 317 

 318 

Body plots (Fig. 3 & 6) were created using the fieldtrip toolbox (fieldtriptoolbox.org) along with a 319 

custom body scheme (modified from: MenschSDermatome by Uwe Thormann (Licensed under CC BY-320 

SA 3.0). BrewerColormaps (Cobeldick, 2020) were used for visual representation of MSA and PLV. 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 
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3. Results 329 

3.1. Mean Sway Amplitude (MSA) 330 

 331 

Fig. 2 Boxplots and whiskers of COP mean sway amplitude (MSA) for the three tested groups across all conditions 332 

(Static = no tunnel motion) in A-P direction. Columns from left to right represent stimulus condition. Within 333 

columns, boxplots represent data from each respective group of PD patients (PD), age-matched controls (CT) 334 

and young healthy adults (YG). Crosses indicate outliers. 335 

Figure 2 shows the average mean sway amplitude (MSA) of the COP for all groups across all conditions. 336 

PD patients exhibited significantly more sway in their COP than the age-matched healthy controls and 337 

the healthy young subjects, while the latter showed the least sway in all cases. There was a significant 338 

effect of the group on average MSA in all four conditions (Static: H(2)=19.31, p<.001; 0.2 Hz: 339 

H(2)=13.62, p=.01; 0.8 Hz: H(2)=18.25, p<.001; 1.2 Hz: H(2)=12.81, p=.002). For the static condition, 340 

follow-up pairwise comparison with adjusted p-values revealed significant differences between PD 341 

and both other groups (PD-YG: p<.001, r =.74; PD-CT: p=.019, r=.50). Stimulation at 0.2 Hz revealed a 342 

significant difference between the PD and the YG group (p=.001, r=.63). Stimulation at 0.8 Hz again 343 

led to significant differences between PD and both other groups (PD-YG: p<.001, r=.73; PD-CT: p=.029, 344 

r=.47). Stimulation at 1.2 Hz led to a significant difference between PD and YG (p=.001. r=.61). 345 

 346 

For PD patients, motion of the tunnel at any frequency had no significant effect on overall sway of the 347 

COP in A-P direction (χ2(3)=6.87, p=.076). Among the age-matched controls (CT) however, there was 348 

a significant influence of the condition on MSA (χ2(3)=22.5, p<.001). Here, the static tunnel led to 349 

significantly lower MSA in follow-up pairwise comparison to all conditions where the tunnel was 350 

* 
* 

* * 
* 

* 
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oscillating (0.2 Hz: p<.001, r=1.32; 0.8 Hz: p=.027, r=.82; 1.2 Hz: p=.005, r=.96). For the young healthy 351 

adults, there was also a significant effect of tunnel movement on their MSA (χ2(3)=14.76, p=.002). 352 

Follow-up pairwise comparison led to significant differences between the static and the 0.2 Hz 353 

condition (p=.002, r=.91) as well as between the static and the 1.2 Hz condition (p=.018, r =.77). 354 

 355 

Fig. 3 A-P mean sway amplitude (MSA) of the 25 body segments obtained by the Kinect. Color-coding represents 356 

group average of MSA for each body segment. The circles represent single body segments. Columns from left to 357 

right show groups (PD, CT, YG). Rows from top to bottom show different frequencies of the simulated tunnel 358 

movement (Static, 0.2 Hz, 0.8 Hz, 1.2 Hz).  359 

Average MSA of the body segments in A-P direction as measured by the Kinect can be seen in Figure 360 

3. Analogous to the COP data, PD patients exhibited substantially more sway than both elderly and 361 

young healthy adults. In all groups, sway was most prominent at the head and decreased towards the 362 
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feet. As was the case with the COP responses, the movement condition of the tunnel had little or no 363 

effect on body sway magnitude and did not affect distribution of sway across the body.  364 

 365 

3.2. Phase-Locking Value (PLV) 366 

 367 

 368 

Fig. 4 Global phase-coupling spectra of COP in A-P direction. Rows show condition (frequency of the tunnel 369 

motion), columns show groups of participants. Black solid lines indicate mean across subjects within each group, 370 

with grey shaded areas representing SEM. Analogously, red graphs represent analysis of the baseline (static 371 

tunnel) with the respective wavelet parameters at each condition. 372 

To gain insight into phase-locking of participants’ responses to the stimulus, we first calculated the 373 

group average PLV for the COP data in A-P direction. The obtained PLV spectra are displayed in Figure 374 

4. All groups showed a strong phase-coupling of their COP at the stimulus frequency, which is 375 

represented in the high and distinct peaks in each spectrum. As can be seen in the corresponding 376 

baseline spectra, PLVs did not show any peaks when the tunnel remained static. Since all groups 377 

revealed to have strong responses across conditions, we evaluated the height of the peaks for 378 

potential differences. Average peak heights for each frequency at which the tunnel was oscillating can 379 
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be seen in Figure 5. There was only a significant effect of the group on COP PLV when the tunnel 380 

oscillated at 1.2 Hz (0.2 Hz: H(2)=1.10, p=.577; 0.8 Hz: H(2)=.27, p=.874; 1.2 Hz: H(2)=8.326, p=.016). 381 

Here, the follow-up pairwise comparison led to a significant difference between PD and CT (p=.012, 382 

r=.53). However, within each group, the stimulus affected the PLV magnitude significantly. For the PD 383 

patients (χ2(2)=18.78, p<.001), follow-up pairwise comparison revealed significant differences 384 

between 0.2 Hz and 0.8 Hz (p=.001, r=.86) and between 0.2 Hz and 1.2 Hz (p<.001,r=.90). For the age-385 

matched controls (χ2(2)=13.50, p=.001), there was a significant effect between the lowest frequency 386 

of 0.2 Hz and the highest frequency of 1.2 Hz (p=.001, r=1.06). For the young healthy adults, 387 

(χ2(2)=11.20, p=.004), there was also a significant difference in PLV between 0.2 Hz and 1.2 Hz  (p=.003, 388 

r=.62). 389 

 390 

Fig. 5 Average PLV magnitude at each stimulus frequency obtained from the COP spectra. Height of the bars 391 

displays absolute PLV values at each respective frequency band of stimulation, error bars indicate SEM across 392 

participants within each group. Columns represent stimulus condition, different grey shadings represent groups 393 

(PD, CT, YG). 394 
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 395 

Fig. 6 PLV of the 25 body segments obtained by the Kinect in A-P direction. Color-coding represents group 396 

average of PLV for each body segment at each respective frequency band of stimulation. The circles represent 397 

single body segments. Columns from left to right display groups (PD, CT, YG). Rows from top to bottom show 398 

different movement conditions of the tunnel (Static, 0.2 Hz, 0.8 Hz, 1.2 Hz).  399 

PLV magnitude of the body segments at the respective frequency band for each stimulus are visualized 400 

in Figure 6. For stimulation at 0.2 Hz, all three groups showed a strong phase coupling to the visual 401 

stimulation across their whole body. For stimulation at 0.8 Hz, overall phase-locking became weaker. 402 

Here, PD patients showed homogeneous coupling to visual stimulation from their hip upwards. The 403 

elderly control group exhibited comparably weaker phase-locking around the head and shoulders, 404 

with phase-locking concentrating around the torso. This effect was even stronger in the group of 405 

young healthy adults. At visual stimulation of 1.2 Hz, PD patients only showed weak coupling, albeit 406 

still rather homogeneously distributed across their upper body. Here, the concentration of phase-407 

locking around the torso for the healthy elderly group shifted downwards towards the hip. At the 408 

highest frequency, the young group exclusively phase-locked to the visual stimulus with their hips. For 409 
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visualization of the static condition (baseline), analysis with wavelet parameters for the middle 410 

frequency of 0.8 Hz was chosen representatively. Responses to the static tunnel at the other frequency 411 

bands were analogous. As we wanted to put emphasis on how PLV distributed across body segments 412 

rather than single PLV magnitudes, we calculated a shoulder-to-hip ratio (SHR). For this purpose, we 413 

first normalized PLVs across the body for each subject for better comparability. We then obtained the 414 

average PLV of the three segments representing the hip as well as of the three segments representing 415 

the upper torso around the shoulders. Subsequently, we calculated the difference in phase-locking 416 

between upper and lower torso by subtracting the average of the shoulder segments from the average 417 

of the hip segments. Positive values correspond to stronger phase-locking around the hip, negative 418 

values correspond to stronger phase-locking around the shoulders. A value of 0 would correspond to 419 

identical phase-locking across the torso. SHR for all groups at each motion condition is displayed in 420 

Figure 7. 421 

 Fig. 7 Average shoulder-hip-ratio (SHR, difference in PLV between hip and shoulders) at each stimulus frequency 422 

obtained from body segment PLVs. Magnitude of the bars displays SHR at each respective frequency band of 423 

stimulation, error bars indicate SEM across participants within each group. Columns represent stimulus 424 

condition, different grey shadings represent groups (PD, CT, YG). 425 

For stimulation at 0.2 Hz, all groups showed small negative SHR, indicating that their shoulders phase-426 

locked to the stimulus slightly stronger than the hips. The difference between hip and shoulders was 427 

almost identical across groups (H(2)=.76, p=.685). For stimulation at 0.8 Hz, average phase-locking of 428 

the hip was stronger than phase-locking of the upper torso, indicated by the positive difference values. 429 

Here, there was also no significant difference in SHR between groups (H(2)=1.16, p=.561). Stimulation 430 

* 
* 
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at the highest frequency of 1.2 Hz revealed positive SHR (hips show stronger phase-locking than 431 

shoulders) for all groups. At this highest frequency, however, there was a significant effect of the 432 

group (H(2)=7.67, p=.022). Here, the young healthy participants showed significantly more phase-433 

locking in the hips than in their shoulders in comparison with the other groups (YG-PD: p=.036, r=.44; 434 

YG-CT: p=.074, r=.43). Noteworthy, there was no significant difference between patients and age-435 

matched control subjects (PD-CT: p= 1.000, r=.01). The frequency of the tunnel motion had no 436 

significant effect on the SHR of the PD patients (χ2(2)=4.44, p=.115) and of the age-matched controls 437 

(χ2(2)=3.50, p=.174). However, there was a significant effect of the frequency of the tunnel on the 438 

distribution of PLV across the body for the young healthy adults (χ2(2)=11.20, p=.004). Here, pairwise 439 

comparison revealed a significant difference between the lowest frequency of 0.2 Hz and the highest 440 

frequency of 1.2 Hz (p=.003, r=.85). 441 

 442 

Discussion 443 

 444 

The aim of this study was to investigate multi-segment phase-locking to an oscillatory visual stimulus 445 

in individuals suffering from PD and two groups of healthy adults, an age-matched group to the 446 

patients and a group of young adults. 447 

 448 

Confirming our first hypothesis, analysis of mean sway amplitude revealed PD patients under 449 

dopaminergic “on” medication to have significantly larger sway in A-P direction than both the age-450 

matched controls and the young healthy adults. This applied to both COP (Figure 2) and the body 451 

segments obtained by a video-based motion capture system (Figure 3) and corroborates previous 452 

research (Doná et al., 2016; Cruz et al., 2018). The qualitative distribution of MSA across the body 453 

reflected a strongly pronounced ankle strategy (Winter et al., 1998; Peterka, 2002) in the group of PD 454 

patients, with largest sway amplitudes around the head which decreased towards the lower body. 455 

Distribution was similar in both other groups, but with equally weaker MSA values. Increased head 456 

sway of PD patients, indicating a more pronounced ankle strategy, has previously been reported by 457 

Chastan and colleagues (2008) and might reflect increased rigidity of the body which often 458 

accompanies PD. Remarkably, motion of the tunnel had no significant effect on overall MSA for PD, 459 

but small effects on both CT and YG. The generally higher sway of PD patients as compared to the 460 

other groups was thus not affected by the visual condition. This is in line with results from related 461 

studies (Cruz et al., 2018, 2021). 462 

 463 
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Global phase-locking spectra (Figure 4) revealed a highly consistent phase of the COP signals in A-P 464 

direction at each frequency of stimulation, for all tested groups. This indicated a strong response to 465 

the visual stimuli, as all participants phase-locked their COP only at the frequency at which the tunnel 466 

oscillated. Statistical analyses confirmed, with only one exception at 1.2 Hz between PD and CT, that 467 

the magnitude of PLV at each condition was not significantly different between groups. In addition, 468 

the small standard errors indicated by the shaded areas in Figure 4 and the error bars in Figure 5 469 

reflect little deviation and thus stable responses within each group. This confirms phase-locking to be 470 

a strong and stable effect of periodical visual stimulation on body sway (Engel et al., 2021). PLV was 471 

significantly affected by frequency within each group. In each case, however, phase-locking only 472 

differed significantly in pairwise comparison of the lowest frequency of 0.2 Hz to the higher 473 

frequencies of 0.8 Hz and 1.2 Hz. PLVs were lowest for the 0.8 Hz condition and highest for the 1.2 Hz 474 

condition in all groups. This behaviour has been observed in healthy adults before (Engel et al., 2021) 475 

and might be explained by a mode switching process to adapt to different frequencies (Creath et al., 476 

2005), for which 0.8 Hz indicates a transitional state. This idea, however, would need to be tested by 477 

evaluating additional frequencies in the range between 0.2 and 1.2 Hz. 478 

 479 

Considering these first results regarding phase-locking of participants’ COP, we must reject our second 480 

hypothesis, since there was no difference in phase-locking to the stimulus between PD patients and 481 

age-matched controls despite their different sway magnitudes. Moreover, young adults were affected 482 

by and phase-locked to the visual perturbation in the same way as older healthy adults and PD patients 483 

at all frequencies. Similar time-frequency responses of COP to visual stimuli in young and elderly 484 

healthy adults have also been found by Loughlin & Redfern (2001). This suggests that the phase-485 

locking of body sway reflected in COP-PLV is neither affected by PD nor by age, independent of 486 

frequency power and sway magnitude. 487 

 488 

Overall, PLV analysis of COP signals revealed no effect of visual stimulation on sway magnitude but 489 

did reveal an effect on PLV. In addition, sway magnitudes that were significantly different between 490 

groups stood in contrast with equally strong PLV across groups. This means that during visual 491 

perturbation, the initial amplitude of body sway and thus stability was maintained, and each 492 

perturbation was successfully counteracted by the sensorimotor system phase-locking the body sway 493 

to the visual motion in the respective direction. This maintenance of body sway amplitudes was 494 

successfully achieved by both groups of healthy adults and PD patients alike. By evaluating PLV of the 495 

COP, we were able to show that PD patients can compensate for periodic visual perturbation to 496 

maintain their balance. While applying a new method to evaluate phase responses to the stimuli, we 497 
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were hence able to confirm related findings (Cruz et al., 2018, 2021). These findings suggest that, while 498 

PD patients exhibit impaired motor output, their sensorimotor processing of visual information 499 

remains intact. Potentially, this result reflects that patients in our study were in rather early stages of 500 

the disease; it remains an open question if this ability to compensate for visual perturbation is 501 

maintained with disease progression.   502 

 503 

Incorporating additional full body motion tracking allowed us to test our third hypothesis, that PD 504 

patients use a different strategy to compensate for the visual perturbation. This was evaluated by 505 

PLVs of the 25 body segments recorded by a motion-capture system for each group and frequency 506 

(Figure 6). With increasing frequency of the tunnel, PD patients maintained a rather homogeneous 507 

distribution of PLV across their body, while phase-locking of the age-matched control subjects centred 508 

slightly towards the lower torso. The group of young healthy adults exhibited the most prominent 509 

shift of PLV distribution with increasing frequency, as towards the highest frequency, they phase-510 

locked exclusively with their hip. This finding is remarkable for several reasons. Since there was no 511 

difference in PLV of the COP between groups, this indicated an equal ability to adapt to the visual 512 

motion. However, when looking at different body segments, it became apparent that the groups used 513 

different strategies to achieve this task. To maintain balance, it is crucial to keep the body’s centre of 514 

mass within a certain area and range of sway (Horak & MacPherson, 1996; Peterka, 2002; Horak, 515 

2006). Stabilizing the centre of mass, especially at higher frequencies, was thus achieved through 516 

different strategies by each group, which was neither observable by sole investigation of COP nor by 517 

sway magnitude across the body. Moreover, the prominent shift in strategy of the young group has 518 

been observed in healthy adults before (Engel et al., 2021). As a result of the now visible difference in 519 

PLV distribution across the body between groups, especially at the torso, we quantified the ratio of 520 

phase-locking across the torso by comparing PLVs between the hip and the shoulders (Figure 7). This 521 

confirmed the young participants to have significantly more phase-locking around their hip at the 522 

highest frequency of 1.2 Hz, with no significant differences between patients and age-matched 523 

controls. This could mean that young healthy adults shifted their ankle strategy towards a hip strategy 524 

as frequency of the perturbation increased (Nashner et al., 1989; Winter, 1995; Boehm et al., 2019). 525 

They were able to adjust to the visual perturbation by switching modes within their body sway (Creath 526 

et al., 2005). Even though they were still able to compensate for the perturbations, PD patients and 527 

age-matched control subjects maintained their ankle strategy to a much larger degree as frequencies 528 

increased. This might be explained by a larger rigidity of the overall body in both groups. Thus, PD 529 

patients indeed exhibited more rigidity and less ability to adapt their postural strategy while 530 

compensating for balance perturbations (Bloem, 1992; Horak et al.,1992; Chong et al., 2000; 531 
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Schoneburg et al., 2013). This confirms our third hypothesis. However, the same holds true for age-532 

matched controls, which might indicate an age-effect, rather than an effect of the disease (Hsu et al., 533 

2013). 534 

 535 

The larger sway in regard to amplitude but apparently unaffected phase-coupling of the PD patients, 536 

even when compared with the group of young healthy adults, could have two explanations. First, it 537 

has been proposed that movements elicited by external cues, as was the case in our study, might 538 

bypass the basal ganglia and therefore are less impaired in PD patients (Cunnington et al., 1995). 539 

Second, the unimpaired responses might be linked to the L-dopa medication which all our participants 540 

received at the time of testing. There is evidence that dopaminergic medication does not improve 541 

neuromuscular postural stability (Koller et al., 1989; Bloem, 1992; Grimbergen et al., 2009) and effects 542 

of L-dopa on other systems contributing to postural responses are under debate (Feller et al., 2019). 543 

For instance, Chen et al. (2016) concluded from their study that L-dopa medication does not improve 544 

stability of the neuromuscular system but improves responsiveness of the sensorimotor system, which 545 

is strongly supported by our findings. 546 

 547 

Limitations of our study included the relatively small and unequal groups of participants, accompanied 548 

by a rather large variety of age, disease progression and equivalent dose of L-dopa in the group of PD 549 

patients. Given the large variability within PD itself regarding age of onset and disease progression 550 

rates, on the other hand, our patients sample represents a rather typical cohort of PD patients in early 551 

and mid-disease stages. In addition, we were unable to exactly match the distribution of sex between 552 

patients and both control groups. As for the stimulus, we only applied three different frequencies, 553 

which was mainly to prevent fatigue in the patients and elderly control subjects, as we aimed to obtain 554 

10 trials per condition with sufficient stimulus duration. 555 

 556 

Considering the newly observed shift in strategy towards the hip for higher frequencies of visual 557 

perturbation, in which the young group significantly differed from the control subjects and patients, 558 

it would be intriguing to conduct experiments with larger groups as well as adding smaller frequency 559 

increments up towards higher frequencies of visual stimulation. This would allow possible 560 

observations on how and where in the spectrum strategy shifts occur. Moreover, a larger clinical 561 

population would allow investigation of subgroups to gain insight into how these strategy shifts are 562 

affected by factors like disease severity and medication. Our phase-locking analyses in combination 563 

with full-body motion tracking provided new insight into postural responses to visual perturbations. 564 

Combined with the mobility of our setup and its potential to expand the reach of experiments 565 
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independent of a research laboratory, this newly introduced technique seems promising for further 566 

applications, especially in regard to biomarkers in different clinical populations where balance and 567 

postural control are impaired.  568 

 569 

Conclusion 570 

 571 

Applying a low-cost and mobile setup to visually perturb balance in a clinical population of patients 572 

suffering from PD, as well as an age-matched control group and a group of young healthy adults, we 573 

successfully evaluated three hypotheses: Firstly, we found PD patients to have significantly more body 574 

sway regarding sway magnitude, irrespective of visual stimulation. Secondly, PD patients were able to 575 

phase-lock to and thus compensate for the visual perturbations in the same way as age-matched 576 

control subjects and young healthy adults. For PD, these two findings indicate impaired 577 

neuromuscular stability but intact visuomotor control. Thirdly, as frequency of the stimulation 578 

increased, we found significant differences in postural strategies between the groups, which have 579 

previously not been reported in this manner. This was achieved by a combination of phase-locking 580 

analyses and full-body motion tracking. Our newly introduced technique revealed aspects of postural 581 

responses to perturbations that investigations of sway magnitude and frequency power could not 582 

provide, and which might enrich research on postural control for future applications in various 583 

settings. 584 

 585 
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