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Summary 
 
In this thesis, comprised of four publications, I investigated phase dynamics of visuomotor 

control in humans during upright stance in response to an oscillatory visual drive. For this 

purpose, I applied different versions of a ‘moving room’ paradigm in virtual reality while 

stimulating human participants with anterior-posterior motion of their visual surround and 

analyzed their bodily responses.  

 

Human balance control constitutes a complex interplay of interdependent processes. The main 

sensory contributors include vision, vestibular input, and proprioception, with a dominant role 

attributed to vision. The purpose of the balance control system is to keep the body’s center of 

mass (COM) within a certain spatial range around the current base of support. Ever-changing 

environmental circumstances along with sensory noise cause the body to permanently sway 

around its point of equilibrium. Considering this sway, the human body can be modelled as a 

(multi-link) inverted pendulum. To maintain balance while being exposed to perturbations of 

the visual environment, humans adjust their sway to counteract the perceived motion of their 

bodies. Neurodegenerative diseases like Parkinson’s impair balance control and thus are likely 

to affect these mechanisms. Hence, investigation of bodily responses to a visual drive gives 

insight into visuomotor control in health and disease. 

 

In my first study, I introduced inter-trial phase coherence (ITPC) as a novel method to investigate 

postural responses to periodical visual stimulation. I found that human participants phase-

locked the motion of their center of pressure (COP) to a 3-D dot cloud which oscillated in the 

anterior-posterior direction. This effect was equally strong for a low frequency of visual 

stimulation at 0.2 Hz and a high frequency of 1.5 Hz, the latter exceeding the previously assumed 

frequency range associated with coherent postural sway responses to periodical oscillations of 

the visual environment (moving room). Moreover, I was able to show that ITPC reliably captured 

responses in almost all participants, thereby addressing the common problem of inter-subject 

variability in body sway research. Based on the results of my first study, I concluded phase 

locking to be an essential feature in human postural control. 

 

For the second study, I introduced a mobile and cost-effective setup to apply a visual paradigm 

consisting of a virtual tunnel which stretched in the anterior-posterior direction and oscillated 

back and forth at three distinct frequencies (0.2 Hz, 0.8 Hz, and 1.2 Hz). Because tracking of the 
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COP alone neglects crucial information about how COM shifts are arranged across the body, I 

included additional full-body motion tracking here to evaluate sway of individual body 

segments. Using a modified measure of phase locking, the phase locking value (PLV), allowed 

me to find participants phase-locking not only their COP, but also additional segments of their 

body to the visual drive. While their COP exhibited a strong phase locking to all frequencies of 

visual stimulation, distribution of phase locking across the body underwent a shift as the 

frequency of the visual stimulation increased. For the lowest frequency of 0.2 Hz, participants 

phase-locked almost their entire body to the stimulus. At higher frequencies, this phase locking 

shifted towards the lower torso and hip, with subjects almost exclusively phase-locking their hip 

to the visual drive at the highest frequency of 1.2 Hz. Having introduced a novel and reliable 

measurement along with a mobile setup, these results allowed me to empirically confirm shifts 

in postural strategies previously proposed in the literature.  

 

In the third study, a collaboration with the neurology department of the Universitätsklinikum 

Gießen und Marburg (UKGM), I used the same setup and paradigm as in the previous study and 

additionally derived the trajectory of the COM from a weighted combination of certain body 

segments. The aim was to investigate phase locking of body sway in a group of patients suffering 

from Parkinson’s disease (PD) to find potential means for an early diagnosis of the illness. For 

this purpose, I recruited a group of PD patients, an age-matched control group, and a group of 

young healthy adults. Even though the sway amplitude of PD patients was significantly larger 

than that of both other groups, they phase-locked their COP and COM in a similar manner as 

the control groups. However, considering individual body segments, the shift in PLV distribution 

differed between groups. While young healthy adults, analogous to the participants in the 

second study, exhibited a shift towards exclusive phase locking of their hips as frequency of the 

stimulation increased, both PD patients and age-matched controls maintained a rather 

homogeneous phase locking across their body. This suggested increased body stiffness, 

although being an effect of age rather than disease. Overall, I concluded that patients of early-

to-mid stage PD exhibit impaired motor control, reflected in their increased sway amplitude, 

but intact visuomotor processing, indicated by their ability to phase-lock the motion of their 

body to a visual drive.  

 

The fourth study, to which I contributed as second author, used experimental data collected 

from an additional visual condition in the course of the third study. This condition consisted of 

unpredictable back and forward motion of the simulated tunnel. Here, we investigated the 
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velocity profiles of the COP and COM in response to the unpredictable visual motion and a 

baseline condition at which the tunnel remained static. We found PD patients to exhibit larger 

velocities of their COP and COM under both conditions when compared to the control groups. 

When examining the net increase that unpredictable motion had on the velocity of both 

parameters, we found a significantly higher increase in COP velocity for both PD patients and 

age-matched controls, but no increase in COM velocity in any of the groups. These results 

suggested that all groups successfully maintained their balance under unpredictable visual 

perturbations, but that PD patients and older adults required more effort to accomplish this 

task, as reflected by the increased velocity of their COP. Again, these results indicated an effect 

of age rather than disease on the observed postural responses. 

 

In summary, using innovative phase-locking techniques and simultaneously tracking multiple 

body sway parameters, I was able to provide novel insight into visuomotor control in humans. 

First, I overcame previous issues of inconsistent sway parameters in groups of participants; 

Second, I found phase-locking to be an essential feature of visuomotor processing, which also 

allowed me to empirically confirm previously established theories of postural control; Third, 

through studies in collaboration with the neurology department of the UKGM, I was able to 

uncover new aspects of visuomotor processing in Parkinson’s, contributing to a better 

understanding of the sensorimotor aspects of the disease. 

 
 
 
 
 



Zusammenfassung 
 

7 
 

Zusammenfassung 
 
Im Rahmen dieser Arbeit, welche sich aus vier experimentellen Studien zusammensetzt, habe 

ich das Phasenverhalten des menschlichen visuomotorischen Systems während des aufrechten 

Stands in Antwort auf visuelle Bewegungsreize untersucht. Hierfür verwendete ich 

verschiedene Varianten des ‚Moving Room‘-Paradigmas, welches ich in virtueller Realität (VR) 

simulierte. Während sich das visuelle Umfeld meiner Proband:innen in unterschiedlicher Weise 

in anterior-posteriorer (a-p) Richtung bewegte, zeichnete ich die Körperbewegungen auf, mit 

denen sie darauf reagierten. 

 

Das Halten unseres Gleichgewichts während des aufrechten Stands bedarf eines komplexen 

Zusammenspiels vieler voneinander abhängiger Prozesse. Die wichtigsten Sinne, welche uns 

hierfür zur Verfügung stehen, sind unser Sehsinn, die Signale unseres Vestibularorgans 

(Gleichgewichtssinn) sowie unsere Propriozeption. Hierbei wird unserem Sehsinn eine 

dominante Rolle zugeschrieben. Die Aufgabe unseres sensomotorischen Systems ist es, unseren 

Körperschwerpunkt (engl.: Center Of Mass, COM) in eine situationsabhängige 

Gleichgewichtsposition zu bringen und dort zu halten. Da sich unsere Umwelt fortlaufend 

verändert und unsere Sinneseindrücke mit einem Grundrauschen versehen sind, schwankt 

unser Körper typischerweise kontinuierlich um diesen Gleichgewichtspunkt. In Bezug auf diese 

Bewegung kann der menschliche Körper als umgedrehtes (mehrgliedriges) Pendel aufgefasst 

werden. Nehmen wir durch Störungen unseres visuellen Umfelds eine Bewegung unseres 

Körpers wahr, so regulieren wir besagtes Schwanken, um der wahrgenommenen Bewegung 

entgegenzuwirken. Neurodegenerative Krankheiten wie Morbus Parkinson beeinträchtigen 

diese Mechanismen und somit einen stabilen aufrechten Stand. Aus diesem Grund ermöglichen 

Untersuchungen von Körperbewegungen in Antwort auf visuelle Bewegungsreize Einblicke in 

die visuomotorische Verarbeitung in gesunden und neuropathologischen Populationen. 

 

In meiner ersten Studie führte ich eine neue Methode der Datenanalyse ein, mit welcher ich die 

Phasenkohärenz der körperlichen Antworten auf oszillatorische visuelle Bewegungsreize 

zwischen einzelnen Versuchsdurchläufen (engl.: Trials) untersuchte (engl.: Inter-trial Phase 

Coherence, ITPC). Ich fand heraus, dass menschliche Proband:innen die Phase der Bewegung 

ihres Druckschwerpunktes auf dem Boden (engl.: Center Of Pressure, COP) an den periodischen 

visuellen Reiz koppelten. Der Stimulus bestand aus einer 3-D Punktewolke, welche in a-p 

Richtung oszillierte. Diese Kopplung trat sowohl bei einer niedrigen Frequenz der visuellen 
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Oszillation von 0,2 Hz als auch bei einer hohen Frequenz von 1,5 Hz auf. Dabei überstiegen die 

von mir gefundenen Kopplungen an die Frequenz von 1,5 Hz das bisher angenommene 

Spektrum kohärenter Antworten auf eine periodische Schwingung der Umwelt (‚moving room‘) 

bei menschlichen Körperschwankungen. Ich konnte zeigen, dass ITPC als neue Analysemethode 

im Kontext von Körperbewegungen erlaubt, verlässliche Antworten bei fast allen Proband:innen 

nachzuweisen, wodurch es mir zusätzlich gelang, das in diesem Forschungsfeld gängige Problem 

einer hohen Varianz der Antworten über Proband:innen hinweg zu adressieren. Meine 

Ergebnisse legen nahe, dass Phasenkopplung einen wichtigen Bestandteil der menschlichen 

Gleichgewichtskontrolle darstellt. 

 

Im Rahmen der zweiten Studie entwickelte ich einen neuen, mobilen und kostengünstigen 

Versuchsaufbau, um visuelle Bewegungsreize in virtueller Realität zu präsentieren und dabei 

Körperbewegungen aufzuzeichnen. Das neue Versuchs-Paradigma bestand hier aus einem 

virtuellen Tunnel, welcher sich in die a-p Richtung erstreckte. Im Experiment oszillierte der 

Tunnel mit einer von drei verschiedenen Frequenzen (0,2 Hz; 0,8 Hz; 1,2 Hz) vor und zurück. Da 

ein alleiniges Aufzeichnen des COP unzureichende Informationen dazu liefert, wie Bewegungen 

des COM realisiert werden, implementierte ich zusätzlich ein mit dem VR-Setup 

synchronisiertes video-basiertes Bewegungsmesssystem, welches mir erlaubte, die 

Bewegungsantworten des gesamten Körpers aufzuzeichnen. In dieser Studie verwendete ich 

eine leicht modifizierte Analyse zu Phasenkopplungen, den sogenannten ‘Phase-Coupling Value‘ 

(PLV). Mithilfe dieser Analyse fand ich heraus, dass Proband:innen nicht nur die Bewegung ihres 

COP, sondern auch die Bewegung einzelner Körpersegmente an die Phase des visuellen Reizes 

koppelten. Während diese Kopplung im Falle des COP bei allen präsentierten Frequenzen 

deutlich vorhanden war, zeigten die Antworten bestimmter Körperteile mit steigender 

Frequenz unterschiedlich starke Kopplungen. Bei der niedrigsten Frequenz von 0,2 Hz koppelten 

die Proband:innen die Phase der Bewegung ihres nahezu ganzen Körpers an den visuellen Reiz. 

Mit steigender Frequenz konzentrierte sich die Phasenkopplung auf den unteren Torso und die 

Hüfte, während die Proband:innen bei der höchsten Frequenz von 1,2 Hz beinahe nur noch 

ausschließlich ihre Hüftbewegung an die Phase des Reizes koppelten. Mein neuartiger 

Versuchsaufbau und die Analysemethode der Phasenkopplung ermöglichten es mir somit, 

frequenzabhängige Bewegungsmuster als Antworten auf die visuellen Reize nachzuweisen, 

wodurch ich bestehende Theorien empirisch belegen konnte. 
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In der dritten Studie, welche als Kollaboration mit der Klinik für Neurologie des 

Unversitätsklinikums Gießen und Marburg (UKGM) durchgeführt wurde, verwendete ich 

denselben Versuchsaufbau und das gleiche Paradigma wie in der vorherigen Studie. Zusätzlich 

errechnete ich in dieser Studie die Trajektorie des COM als gewichtete Kombination bestimmter 

Körpersegmente. Ziel dieser Studie war es, die Phasenkopplung von Körperschwingungen in 

einer Gruppe von Parkinson-Patient:innen zu untersuchen, um langfristig dabei mitzuwirken, 

Methoden für eine mögliche Früherkennung der Krankheit zu entwickeln. Zu diesem Zweck 

untersuchte ich eine Gruppe von Patient:innen, eine Gruppe von gleichaltrigen, gesunden 

Kontrollproband:innen sowie eine Gruppe von jungen, gesunden Erwachsenen. Patient:innen 

zeigten eine deutlich erhöhte Amplitude ihrer Körperbewegungen, koppelten jedoch die Phase 

ihres COP und auch ihres COM in gleicher Weise an den Stimulus wie beide Kontrollgruppen. 

Eine Untersuchung der Bewegung einzelner Körperteile ergab hier jedoch, dass die in der 

zweiten Studie beschriebenen Bewegungsmuster in Antwort auf höhere Frequenzen in den 

einzelnen Gruppen unterschiedlich waren. Während die junge Kontrollgruppe, analog zu den 

Proband:innen meiner zweiten Studie, ihr Bewegungsmuster an die höheren Frequenzen 

anpasste bzw. wechselte, behielten sowohl die Patient:innen als auch die gleichaltrige 

Kontrollgruppe ein eher homogenes Bewegungsmuster bei, auch bei den beiden höheren 

Frequenzen des visuellen Reizes. Dies ließ mich auf eine erhöhte körperliche Steifigkeit 

schließen, welche jedoch ein Effekt des Alters und nicht der Krankheit zu sein scheint. Generell 

folgerte ich aus den Ergebnissen dieser Studie, dass Parkinson-Patient:innen in frühen Stadien 

der Krankheit zwar eine beeinträchtigte Motorik zeigen, was sich in ihrer erhöhten 

Bewegungsamplitude widerspiegelt, sie jedoch keine Beeinträchtigung in ihrer 

visuomotorischen Verarbeitung aufweisen, da sie prinzipiell noch immer in der Lage sind, die 

Phase ihrer Körperbewegung an den visuellen Reiz zu koppeln. 

 

In der vierten Studie, in welcher ich als Zweitautor mitwirkte, nutzten wir Daten, welche wir in 

einem in der dritten Studie zusätzlich verwendeten Paradigma erhoben hatten. Dieses 

Paradigma bestand aus einer kontinuierlichen, aber unvorhersehbaren a-p Bewegung des 

virtuellen Tunnels. Anhand dieser Daten untersuchten wir die Geschwindigkeitsprofile des COP 

und COM in Antwort auf die unvorhersehbare Bewegung sowie auf eine Kontrollbedingung, 

während welcher der Tunnel stillstand. Patient:innen zeigten im Vergleich zu den 

Kontrollgruppen erhöhte Geschwindigkeiten beider Parameter (COP und COM) unter beiden 

visuellen Bedingungen. Untersuchungen der Geschwindigkeitserhöhung beider Parameter als 

Effekt der unvorhersehbaren Bewegung des Tunnels ergaben einen Anstieg der mittleren 
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Geschwindigkeit des COP bei Patient:innen und der gleichaltrigen Kontrollgruppe, jedoch keine 

Veränderung bei der jungen Kontrollgruppe. Die mittlere Geschwindigkeit des COM änderte sich 

bei keiner der Gruppen. Dies ließ uns schlussfolgern, dass alle Gruppen bei unvorhersehbaren 

Störungen ihres visuellen Umfelds in der Lage waren, ihr Gleichgewicht zu halten. Jedoch 

mussten Patient:innen und ältere Kontrollproband:innen hierfür einen gesteigerten Aufwand 

betreiben, was sich in der erhöhten mittleren Geschwindigkeit ihres COP zeigte. Die Ergebnisse 

dieser Studie zeigten erneut einen Alters-, jedoch keinen Krankheits-Effekt. 

 

Zusammenfassend kann gesagt werden, dass meine neu in der Forschung zu Stand- und 

Gangverhalten eingeführte Analysemethode der Phasenkopplung sowie das gleichzeitige 

Aufzeichnen mehrerer Bewegungsparameter es mir erlaubten, neue Erkenntnisse über die 

visuomotorische Verarbeitung beim Menschen zu gewinnen. Zum einen konnte ich gängige 

Probleme von inkonsistenten Bewegungsantworten innerhalb von untersuchten 

Personengruppen überwinden. Zum anderen konnte ich zeigen, dass Phasenkopplung ein 

essenzieller Bestandteil der visuomotorischen Verarbeitung zu sein scheint, was mir zusätzlich 

ermöglichte, bestehende Theorien der posturalen Kontrolle beim Menschen empirisch zu 

bestätigen. Zusätzlich konnte ich durch Studien in Kollaboration mit der Klinik für Neurologie 

des UKGM neue Aspekte der visuomotorischen Verarbeitung bei Morbus Parkinson 

untersuchen, wodurch ich zu einem besseren Verständnis von sensomotorischen Aspekten der 

Krankheit beitragen konnte. 
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1. Introduction 
 
1.1. Human balance control 
 
1.1.1. A complex sensory interplay 
 
In everyday life, we perceive standing upright as one of the most natural processes we can think 

of. However, human bipedal upright stance is inherently unstable and consistently needs to be 

regulated (Forbes et al., 2018; Horak & MacPherson, 1996). This regulation makes use of an 

interplay between a myriad of interdependent processes (Horak, 2006; Peterka, 2002; van der 

Kooij et al., 1999). Understanding these processes helps to provide valuable insight into the 

sensorimotor system and might eventually contribute to the diagnosis and treatment of 

diseases related to this system. The main sensory inputs which our central nervous system (CNS) 

uses for balance control consist of vision, vestibular input, and proprioception (Bronstein et al., 

1990; Forbes et al., 2018; Horak, 2006; Horak & MacPherson, 1996; Mahboobin et al., 2009; 

Peterka, 2002). Vision provides references in the environment along with various cues for (self-

)motion (see 1.1.2.). Vestibular input from the otolith organs (Utricular macula and Saccular 

macula) and semicircular canals provides us with information about the orientation of our head 

relative to earth’s gravitational field (graviception) as well as acceleration of linear and angular 

head movements in all spatial directions (Purves et al., 2017). Proprioception constitutes the 

direct neural feedback from our muscle spindles, Golgi tendon organs, and joint receptors, 

providing us with an estimate of the position and movement of our head and limbs (Tuthill & 

Azim, 2018; van Dieën & Pijnappels, 2017). How much we rely on each respective sensor is 

highly dynamic and depends on the available information. According to the sensory re-

weighting hypothesis, contributions of each sensor are thus weighted with regard to the 

reliability of the information they provide (Assländer & Peterka, 2016; Feller et al., 2019; 

Mahboobin et al., 2005; Nashner & Berthoz, 1978).  

 

Given this apparent complexity, the exact underlying mechanisms involved in human balance 

control and their interplay are still largely unknown. This resulted in the proposal of a variety of 

models containing not only the underlying neural control mechanisms but also biomechanical 

aspects of the human body (Goodworth & Peterka, 2018; Kiemel et al., 2011; Kuo et al., 1998; 

Maurer & Peterka, 2005; Peterka, 2002; Reimann & Schöner, 2017; van der Kooij et al., 1999). 

With respect to neuroanatomy, changes in sensory input are suggested to first be processed in 

lower motor neuron circuits of the CNS in the spinal cord and brainstem, which locally evoke 

initial automated (“passive”) responses (Bloem, 1992; Purves et al., 2017; van Dieën & 
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Pijnappels, 2017). Depending on the complexity of the situation, these initial responses are 

modified by higher cortical areas, where the weighted sensory input undergoes sensorimotor 

integration to elicit adequate (“active”) motor responses (for more extensive reviews, see, e.g., 

Jacobs & Horak, 2007; van Dieën & Pijnappels, 2017). Relevant brain areas to process and 

integrate the multisensory input include the cerebellum (Morton & Bastian, 2004) and the basal 

ganglia (Abbruzzese & Berardelli, 2003; Bolam et al., 2000; Nagy et al., 2006). Subsequently, the 

culminated motor responses originating in the motor cortices elicit respective movements of 

the body or changes in posture, which in turn alter the sensory input. The human balance 

control system thus comprises a closed loop (Fig. 1). 

 

 
Fig. 1 Schematic of the sensorimotor balance control loop. Sensory information is weighted according to 
availability and reliability of each signal and undergoes sensorimotor integration in various subcortical 
and cortical brain areas to generate adequate motor output (Reprinted from: van Dieën and Pijnappels, 
2017). 
 

The aim of the balance control system is to maintain the body’s center of mass (COM) above 

the current base of support, which is defined and constrained by the contact points of our body 

with the ground (Boonstra et al., 2013; Forbes et al., 2018; Horak, 2006; Horak & MacPherson, 

1996; Peterka, 2002; Scholz et al., 2007, 2012; Sousa et al., 2012). In bipedal humans, this area 

is considerably small in comparison to most other animals, making us prone to corrective 

movements and even falls (Horak, 2006; Ivanenko & Gurfinkel, 2018). As a consequence, even 

during quiet stance, continuous gravitational pull and sensory noise cause our body to 

constantly sway around its point of equilibrium. This process is often referred to as natural or 
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spontaneous body sway (Horak & MacPherson, 1996; Schoneburg et al., 2013). We consistently 

enact necessary forces on the ground to counteract perturbations and irregularities and shift 

our COM to maintain its position above our current base of support. 

 

1.1.2. The crucial role of vision in the percept of motion 
 

As described above, human balance control makes use of various sensory inputs. Nevertheless, 

vision is claimed to have a dominant role and visual clues alone strongly affect our balance 

(Berthoz et al., 1975; Bronstein, 2019; Bronstein et al., 1990; Laurens et al., 2010; Lestienne et 

al., 1977; Wade & Jones, 1997). The sensorimotor process of receiving visual input and its 

processing to perform subsequent motor output is generally referred to as visuomotor control 

(Goodale, 1998).  

 

Given its crucial role for balance control and since dynamic visual input marks a key aspect of 

my research in this thesis, it is important to briefly point out the main underlying processes and 

systems that are involved in our visual percept of motion, and here especially of self-motion. 

When we as observers are moving in the external world, or, the external world is moving around 

us analogously, our visual surrounding projects corresponding dynamic patterns onto the retina. 

Given a fixed gaze position and movement direction, these so-called optic flow patterns provide 

estimates of the direction (heading) of the motion as well as of travelled distance, according to 

the depth structure of the visual scene (Fig. 2; Bremmer & Lappe, 1999; Britten, 2008; Frenz et 

al., 2003; Lappe et al., 1999; D. N. Lee, 1980; Rogers, 2021). 

 

 
Fig. 2 (A) Illustration of optic flow as induced during self-motion through an environment. (B) White 
arrows represent the instantaneous local velocities of certain points in the (retinal) image. The red circle 
indicates the singularity of the velocity field, representing the current heading (here: straight-ahead) 
(Reprinted from: Bremmer, 2008).  
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Work on non-human primates has shown that the neural signals obtained from these retinal 

optic flow patterns are processed predominantly through the dorsal visual stream. After initial 

processing in the primary visual cortex (V1), they are projected into higher motion-selective 

cortical regions, the first one being the middle temporal area (MT; Bremmer et al., 2000; Britten, 

2008). Motion-selective neurons in area MT then project to the medial superior temporal area 

(MST), where neurons have been found to have larger receptive fields that allow for processing 

of more complex and global motion patterns (Bremmer et al., 2000; Wild & Treue, 2021). In 

particular, there is evidence that MST neurons encode the direction of self-motion (Bremmer et 

al., 2010; Lappe et al., 1996), with some also responding to vestibular signals (Bremmer et al., 

1999; Gu et al., 2007). Another important region that shares connections with areas MT and 

MST marks the ventral intraparietal area (VIP). Neurons inside area VIP were also found to be 

involved in the processing of optic flow (Bremmer, Duhamel, et al., 2002; Kaminiarz et al., 2014) 

and additionally receive and combine somatosensory, auditory, as well as vestibular 

information (Bremmer, Klam, et al., 2002; Schlack et al., 2002). Areas MT, MST and VIP thus 

likely play an important role in self-motion perception (Bremmer et al., 2000; Britten, 2008; Wild 

& Treue, 2021). Self-motion information has also been found to be processed in even higher 

cortical regions like area 7a, the superior temporal polysensory area (STPa), and the frontal eye 

field (Bremmer et al., 2000; Britten, 2008; Gu et al., 2016). 

 

Studies based on fMRI recordings have confirmed similar structures to be involved in the 

processing of (self-)motion in humans (Bremmer, 2008; Greenlee, 2000; Greenlee et al., 2016). 

In particular, functional equivalents have been found to areas MST (Dukelow et al., 2001; Huk 

et al., 2002; Schmitt et al., 2020) and VIP (Bremmer et al., 2001; Wall & Smith, 2008). Moreover, 

recent research in our group applied similar visual stimuli in experiments with humans and 

monkeys which further supported this correspondence (Bremmer et al., 2017; Schmitt et al., 

2021).   

 

Since the processing of self-motion and balance control are tightly linked, this suggests the 

aforementioned brain areas to also be involved in balance control. In the context of vision, 

studies with human participants have shown that the structure and motion of the visual 

surround and hence the resulting optic flow patterns strongly influence balance behavior in 

response to visual stimuli (Horiuchi et al., 2017; Raffi & Piras, 2019; van Asten, Gielen, & van der 

Gon, 1988). 
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1.2. Visually evoked postural responses 
 
1.2.1. The human body as an inverted pendulum 
 
With regard to body sway in the anterior-posterior direction, the upright human body has 

initially been modelled as an inverted pendulum pivoting around the ankle joint with a single 

degree of freedom (Peterka, 2002; Winter, 1995; Winter et al., 1998). However, this model is 

biomechanically constrained to small amplitudes and low frequencies of sway (Horak & 

MacPherson, 1996; Nashner et al., 1989). This is why multi-link pendulum models have been 

established over recent years, which have introduced additional pivot points around the knees 

and the hip at which torque can be applied, allowing for further degrees of freedom (Boonstra 

et al., 2013; Creath et al., 2005; W. Hsu et al., 2007; Kiemel et al., 2011; Park et al., 2004; 

Reimann & Schöner, 2017; Scholz et al., 2012). In the field of posture and balance control, 

different combinations of these pivot points, and thus contributions of certain body segments 

to adjust body sway, are commonly referred to as postural strategies (Fig. 3; Alexandrov et al., 

2005; Boehm et al., 2019; Horak, 2006; Horak et al., 1992). 

 

 
Fig. 3 The three main postural strategies. Black vertical lines indicate line of gravity. White circles 
represent the ankle, knee, and hip joints, respectively. Arrows indicate possible directions of rotation and 
application of muscle torque (Reprinted from: Winter, 1995). 
 

With changes of circumstances, humans might shift their postural strategy in order to adapt to 

the new situation (Dokka et al., 2009; Oida et al., 1995; Park et al., 2004). Previous research has 

shown that humans switch from an ankle towards a hip strategy when the task becomes more 

complex or perturbations become too severe (Boehm et al., 2019; Creath et al., 2005; Nashner 
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et al., 1989; Winter, 1995). This is supported by multi-link models which successfully described 

empirical data (Goodworth & Peterka, 2018; van der Kooij et al., 1999). Often, multiple 

strategies have to be combined. For instance, Creath and colleagues have proposed that the 

ankle and hip strategy co-exist as ‘excitable modes’ (2005). This means that both are always 

present but, according to the current circumstances, one of them predominates. 

 

1.2.2. The moving room paradigm 
 
Changes of the sensory environment include transient or continuous perturbations. When one 

or more of our senses detect such a perturbation, we use a specific postural strategy to 

counteract the disturbance and generate motor output at the necessary joints to maintain our 

balance. Since vision contributes greatly to balance control (see 1.1.2.) and the visual 

environment can easily be manipulated, visual perturbations have proven to be a valuable tool 

to investigate balance control (D. Lee & Lishman, 1975; Lestienne et al., 1977; Peterka & 

Benolken, 1995; Soechting & Berthoz, 1979; van Asten, Gielen, & Denier van der Gon, 1988). 

Bodily responses to visual disturbances yield insight into visuomotor processing in health and 

disease. Bronstein (1990) has labelled these reactions Visually Evoked Postural Responses 

(VEPR). As early as in the 1970s, the ‘moving room paradigm’ was introduced, where the room 

around the observer is moved to induce optic flow and elicit the visual illusion of self-motion 

which has been shown to provoke VEPR (Fig. 4; D. Lee & Lishman, 1975; Lestienne et al., 1977; 

Schöner, 1991; Stoffregen et al., 2004). 

 

 
Fig. 4 “The moving room paradigm”. The visual surround is moved around the observer (here: in the 
anterior-posterior direction) to create changes in optic flow and elicit postural responses to the perceived 
self-motion (Reprinted from: Stoffregen et al., 2004). 
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Since then, a great variety of experimental designs have been carried out, with many studies 

utilizing oscillatory visual stimuli (Cruz et al., 2018; Dijkstra et al., 1994; Hanssens et al., 2013; 

Jeka et al., 1998; Keshner & Kenyon, 2000; D. Lee & Lishman, 1975; Loughlin & Redfern, 2001; 

Musolino et al., 2006; Oie et al., 2002; Peterka & Benolken, 1995; Redfern et al., 2007; Scholz et 

al., 2012; Sparto et al., 2004). These stimuli reflect common activities like walking, where the 

visual percept changes periodically. They allow for insight into a steady-state coupling of body 

sway to a dynamic but predictable visual environment over longer periods of time, which in turn 

enables investigation of transfer functions, in particular frequency and phase behavior, in 

visuomotor processing. Several studies on the frequency and phase content of bodily responses 

to an oscillatory visual drive revealed a systematic coupling of body sway to the respective 

stimulus (Creath et al., 2005; Laurens et al., 2010; Loughlin & Redfern, 2001; Musolino et al., 

2006; Peterka, 2002). This steady-state coupling represents a dynamic equilibrium and can 

therefore also be considered a measurement of stability (Horak & MacPherson, 1996; Schöner, 

1991). Thus far, most studies have suggested frequencies of the visual perturbation to be in the 

realm below 0.5 Hz in order to elicit a coherent body sway response, with strongest response 

gains around 0.2 Hz (Hanssens et al., 2013; Kiemel et al., 2006; Lestienne et al., 1977; Masson 

et al., 1995; Peterka, 2002; Schöner, 1991; van Asten, Gielen, & Denier van der Gon, 1988).  

 

Many of these studies revealed valuable insight into VEPRs and different models have been 

proposed which successfully described experimental data. However, the high variety of 

paradigms and the resulting lack of comparability as well as a general high inter-subject 

variability in postural responses with incongruent and sometimes even contradictory results 

remain considerable challenges (Feller et al., 2019; Kay & Warren Jr, 2001; Mahboobin et al., 

2005; Peterka, 2002; Sparto et al., 2004).  

 

1.2.3. Assessment of body sway 
 
Common measures to evaluate body sway include sway area, displacement, velocity or 

acceleration in the direction of interest as well as its spectral content and phase relation to a 

given stimulus (Palmieri et al., 2002). Most of the studies mentioned above assessed body sway 

through tracking of the trajectory of the center of pressure (COP), sometimes accompanied by 

tracking of specific segments of the upper body (Jeka et al., 1998; Scholz et al., 2012). The COP 

resembles the forces that are enacted on the ground to maintain balance. Unlike the COM, 

which resembles the complex mass distribution of the human body and can only be derived 

from external measures (Peterka et al., 2018), the COP can easily be tracked using a force 
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platform, which constitutes the main reason why it is so commonly used in body sway research. 

The COP is usually considered as the controlling variable, since it reflects the forces which steer 

the direction and acceleration of body sway. On the other hand, the COM is considered as the 

controlled variable, as it reflects the actual sway of the body and therefore represents the 

outcome of the balance control loop (Horak & MacPherson, 1996; Morasso, 2020; Winter et al., 

1996). In the inverted pendulum model described above, the time courses of the COP and COM 

are linearly correlated for small displacements (Gage et al., 2004; Winter, 1995; Winter et al., 

1998; Yamamoto et al., 2015). However, in more challenging scenarios, their relationship 

becomes increasingly complex. For this reason, sole tracking of the COP omits crucial 

information and direct measurement of additional body segments is required to gain 

sophisticated empirical insight into neural control and postural strategies during balance 

control, including in particular the actual behavior of the COM. Together with the 

aforementioned high variability in experimental paradigms and postural responses, these 

constraints mark a considerable gap in the field of VEPR research.  

 

1.3. Parkinson’s disease 
 
First described by James Parkinson in 1817, Parkinson’s disease nowadays is one of the most 

common neurodegenerative disorders. Due to our increasingly aging society, it continues to 

grow in prevalence, with current estimates suggesting 1% of the current population over 60 

years to be affected (Elbaz et al., 2016; Tysnes & Storstein, 2017). To date, PD remains an 

idiopathic disease, meaning that its causes are still largely unknown. The substantia nigra (SN) 

within the basal ganglia has been found to be the area of the brain most affected (Fig. 5; 

Abbruzzese & Berardelli, 2003). As PD progresses, dopaminergic neurons within the SN decease 

irreversibly, impairing the function of the basal ganglia (Chen et al., 2016; Elbaz et al., 2016). As 

mentioned previously, these are involved in processing and integrating sensory information and 

controlling subsequent motor output (Abbruzzese & Berardelli, 2003; Bolam et al., 2000; Nagy 

et al., 2006). 
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Fig. 5 Location of the substantia nigra in the human brain, where degeneration of dopaminergic neurons 
leads to common motor impairments associated with Parkinson’s disease. These include postural 
instability.   
(Reprinted from: https://www.news-medical.net/health/Parkinsons-Disease-Pathophysiology.aspx, last 
access: 17/10/2021) 
 
 
The main symptoms of progressing PD therefore include slowness of movement (bradykinesia), 

a resting tremor, rigidity of the extremities and neck, and postural instability (Bloem, 1992; 

Feller et al., 2019; Hwang et al., 2016; Jankovic, 2008; Purves et al., 2017). The latter is often 

considered the most disabling feature of PD because it severely interferes with the daily life of 

affected individuals (Benatru et al., 2008; Bloem, 1992; Doná et al., 2016; Grimbergen et al., 

2009; Horak, 2006; Hwang et al., 2016; Roller et al., 1989). Due to declining proprioception, 

individuals with PD are also claimed to be more reliant on their vision in order to maintain their 

balance (Bronstein et al., 1990; Weil et al., 2016). Crucially, motor symptoms do not occur until 

about half of the dopaminergic cells in the SN have already deceased (Fearnley & Lees, 1991). 

This is true for those symptoms detected in simple clinical tests (Landers et al., 2008). Since 

there is still no cure for PD, it is important to detect and predict impending balance impairments 

as early as possible. This allows for timely countermeasures to facilitate treatment and 

decelerate symptoms of the disease. Hence, early detection of balance impairments in 

progressing PD, before they are revealed by currently performed clinical tests, might help to 

improve the quality of life of those affected. Investigation of VEPR in Parkinson’s disease with 

improved and more nuanced methods might thus provide a valuable tool in the search for an 

earlier detection of impending postural impairments. 

 

In the following chapters, I provide a summary of the methodology and main results of the 

studies which comprise this dissertation. For details, in particular statistical evaluations, please 

refer to the actual studies presented in the second part of this thesis. 
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2. Study 1 – Inter-trial phase coherence of visually evoked postural responses in 
virtual reality (Engel et al., Experimental Brain Research, 2020) 

 
2.1. Aim & methods 
 
The aim of the first study was to apply an oscillatory moving room paradigm in virtual reality 

(VR) and to introduce a new reliable measure of postural sway to counteract the common 

problem of inter-subject variability.  

 

We recruited 10 healthy subjects (20-32 yrs) who were exposed to a 3-D cloud of random white 

dots in an otherwise black virtual space, presented through a VR head-mounted display (Oculus 

VR [now: Facebook], Irvine, CA, USA). The dot cloud oscillated in the anterior-posterior (a-p) 

direction at two distinct frequencies of either 0.2 Hz or 1.5 Hz with a peak-to-peak amplitude of 

1.5 m (Fig. 6). The participants’ task was to stand relaxed with their feet about hip-width apart 

and their arms hanging loosely on their sides. Each subject performed 20 trials per stimulus 

frequency. Analogously to previous research, we recorded the trajectory of their COP with a 

force platform (Accusway, AMTI, Watertown, MA, USA) and examined the frequency content of 

the COP signals in the a-p direction.  

 
 
 

 
 

 
Fig. 6 Visual stimulus in the first study. The paradigm consisted of a 3-D random dot cloud. At each trial, 
the cloud remained static for 5 s, after which it oscillated in the anterior-posterior direction for 45 s, 
followed by a second static phase of 10 s. Oscillations occurred at either 0.2 Hz or 1.5 Hz. 
 



Inter-trial phase coherence of visually evoked postural responses 
(Engel et al., ExpBrainRes, 2021) 

 

22 
 

Previous research was primarily concerned with frequency power and absolute phase lag of the 

response signal with regard to the stimulus, which had led to somewhat puzzling results mainly 

due to inconsistent responses and a lack of statistical testability (Kay & Warren Jr, 2001; Sparto 

et al., 2004). We therefore followed a different approach for analyzing the phase behavior of 

the time-frequency response signals and wanted to implement phase-locking techniques, which 

have previously been described in the context of EEG studies (Jervis et al., 1983; Lachaux et al., 

1999; Tallon-Baudry et al., 1996). In this study, we introduced inter-trial phase coherence (ITPC) 

as a novel method in the context of body sway. ITPC computes the consistency of the 

instantaneous phase at each time-frequency point in the response signal across several trials. 

To obtain time-frequency spectra of the responses, we first performed a wavelet decomposition 

of the COP time series. The ITPC spectra could then directly be obtained from the complex time-

frequency points of the wavelet decomposition. To compute ITPC, we divided the absolute of 

the trial average by the trial average of the respective absolute power value at each complex 

time-frequency point: 

 , =  |〈 , 〉 |〈| , |〉   (1) 

: phase coherence coefficient, : wavelet coefficient, : frequency, : time, : trial  

 

The complex time-frequency points can be viewed as 2-D vectors in the complex plane with a 

given length (absolute) and angle. In this way, the numerator in (1) is phase sensitive, since the 

similarity of angles between vectors of different trials determines the length (absolute) of the 

resulting average vector. On the other hand, the denominator only takes their average length 

into account, irrespective of their angle towards each other. This means, only if all vectors are 

perfectly aligned with respect to their phase angles, the numerator and denominator yield the 

same value, resulting in a phase coherence coefficient of 1. Hence, ITPC values were close to 1 

when the respective frequency-time points had similar instantaneous phase across trials, and 

close to 0 when their instantaneous phase was rather randomly distributed across trials. The 

actual length of the vectors has no effect on the resulting coefficients, which is why ITPC is 

independent of frequency power, i.e., the magnitude with which each frequency is present in 

the respective signal at each trial. 
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2.2. Main results 
 
We found subjects to significantly couple the phase of their COP trajectory to each respective 

visual stimulus. Across subjects, even when responses were rather small in frequency power, 

ITPC values were consistently high throughout the phase of visual stimulation (Fig. 7 & 8). 

Remarkably, this also applied to the high frequency of 1.5 Hz, which exceeded the range of 

frequencies previously associated with coupling of body sway to a visual drive (Hanssens et al., 

2013; Kiemel et al., 2006; Lestienne et al., 1977; Peterka, 2002; Schöner, 1991; van Asten, 

Gielen, & Denier van der Gon, 1988). 

 

  
 
Fig. 7 Time-resolved wavelet power (upper 
panels a+b) and ITPC frequency spectra (lower 
panels c+d) at group level (n=9), showing a 
strong and consistent response at each 
respective frequency of stimulation (left 
column: stimulation at 0.2 Hz, right column: 
stimulation at 1.5 Hz). 
 
 

Fig. 8 Time-averaged (global) wavelet power 
and ITPC spectra analogous to Fig. 7. Blue lines 
indicate mean across subjects with shaded areas 
indicating SEM. Orange transparent lines show 
the upper 95% confidence boundary of a 
bootstrapped background. 
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Whereas frequency power declined with higher frequency of stimulation and differed 

significantly between both visual conditions, ITPC values remained almost at the same level as 

for low-frequency stimulation with no significant difference between conditions (Fig. 9).  

 

 

 
 
Fig. 9 Time-averaged values of wavelet power (left panel) and ITPC (right panel) for both frequencies of 
stimulation. Average values of single subjects across trials in color, mean across subjects in black. Whereas 
wavelet power declines with frequency, ITPC values remain similar between both conditions. 
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3. Study 2 – Multi-segment phase coupling to oscillatory visual drive (Engel et 
al., Gait & Posture, 2021) 

 
3.1. Aim & methods 
 
To further improve assessment of VEPR to an oscillatory drive, in the second study we aimed at 

building up on our initial findings and also implement full-body motion tracking. The paradigm 

was similar to that of the first study. However, we investigated phase dynamics not only of the 

COP but of various individual body segments. In addition, we introduced a mobile and cost-

effective setup to conduct body sway experiments. Based on our initial study, we hypothesized 

that subjects would couple the phase of their body sway, expressed as COP as well as individual 

body segments, to the oscillatory visual drive. Moreover, according to different postural 

strategies, we hypothesized that individual body segments would phase-lock differently 

depending on the frequency of visual stimulation.  

 

Our new setup consisted of a Wii Balance Board (WBB, Nintendo, Kyoto, Japan), which has been 

extensively validated as a substitute for research-grade force platforms (Clark et al., 2018; Engel, 

2016). For motion tracking of the entire body, we used a Microsoft Kinect v2 (Kinect, Microsoft, 

Redmond, WA, USA) video system, which has similarly undergone extensive validation 

(Dehbandi et al., 2017; Otte et al., 2016). In this new setup, we used a commercially available 

HTC Vive (HTC, New Taipei City, Taiwan) head-mounted display along with custom-written 

Python code for visual presentation. The stimulus consisted of a 3-D tunnel comprised of black 

dots within an infinite grey background. It stretched in the a-p direction and its radius was 

adjusted to each participant’s eye level, so as to simulate them standing with their feet on the 

ground of the tunnel. Participants’ task was the same as in our first study, i.e., to stand relaxed, 

feet about shoulder-width apart, their arms hanging at the side of their body. During trials, 

participants had to fixate on a white dot at the center of the tunnel, which occasionally flipped 

its color. Their additional task was to keep track of the total number of color flips during each 

trial in order to maintain their gaze and attention towards the center of the tunnel. This time, 

we implemented three moving conditions, in which the tunnel oscillated for 30 s in the a-p 

direction at three distinct frequencies of 0.2 Hz, 0.8 Hz and 1.2 Hz, respectively. The amplitude 

of each oscillation was scaled by the inverse of the respective frequency to maintain a constant 

peak velocity of the optic flow. We also implemented a baseline condition at which the tunnel 

remained static. We recruited 12 healthy participants (22-41 yrs), each of whom performed 10 

trials for each of the four conditions (Fig. 10).  
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Fig. 10 Technical setup and paradigm of the second and third study. Subjects were standing on a WBB 
while their body motion was captured with a video tracking system. The stimulus consisted of a 3-D 
tunnel which oscillated in the a-p direction at three distinct frequencies (0.2 Hz, 0.8 Hz, and 1.2 Hz). 
 
 

To evaluate the phase content of their VEPR, we modified our previously introduced ITPC 

analysis and applied it to the COP trajectories and also to the 25 ‘body joints’ as recorded by the 

Kinect. This time, we calculated the phase-locking values (PLV) between the stimulus and the 

respective response signals. This method was also adopted from EEG studies (Lachaux et al., 

1999; Mormann et al., 2000). In contrast to ITPC, which only reflects phase consistency between 

different instances (trials) of the response signals, PLV investigates the instantaneous phase and 

evaluates the consistency (across data points) of the phase difference between the response 

and the stimulus. To calculate the PLVs, we first extracted the instantaneous phase values from 

a wavelet decomposition of the COP and Kinect time series data and then subtracted the phase 

of a continuous sinewave at each frequency band in the spectrum (2). At the three distinct 

stimulus frequencies, these differences represented the phase difference between each 

respective stimulus and the corresponding responses: 
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δ , =  ,                     2  

 

: complex coefficients of phase difference to a constant sinewave with frequency   at trial , time 
point n and frequency bin . , : phase angle of the recorded signal at time point n and frequency bin k. 

 

Subsequently, we calculated the global average phase difference (mean over time and trials) 

across all time-frequency bins (3): 

 

Φ =  1 1 ,        3  

 PLV = |Φ |                 4    
 

: Phase-Locking Value, : number of time points, : number of trials 

 

The absolute of the resulting coefficients then yielded the final PLVs (4), which represented the 

consistency of the phase difference between the visual stimulus and the respective response 

across time and across trials. Analogous to ITPC, PLVs close to 1 represented a highly consistent 

phase difference, whereas PLVs close to 0 represented an inconsistent phase difference 

between stimulus and response. In this manner, PLVs are independent of both frequency power 

and of the actual absolute phase difference between the two signals.  

 

3.2. Main results 
 
In this second study, we also found participants to significantly phase-lock the motion of their 

COP to the sinusoidal motion of the visually simulated tunnel at each frequency of stimulation, 

visible in the strong and distinct peaks in the frequency spectra. These peaks were well above 

the baseline spectrum where the tunnel remained static (Fig. 11). This confirmed findings of our 

first study, albeit using newly introduced equipment and a new paradigm along with a modified 

analysis to assess phase behavior of VEPR. 
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Fig. 11 Group average (n=12) PLV spectra obtained from the COP signals for each condition (panels a-c). 
Black solid lines indicate mean across subjects, with grey shaded areas representing SEM. Red solid lines 
represent average PLV spectra obtained from the baseline condition, with red shaded areas indicating 
SEM. Difference between the baseline spectra resulted from slightly deviating parameters for the wavelet 
decomposition at each frequency of stimulation. 
 

Through our additional full-body analysis, we were able to gain novel insight into phase 

dynamics of single body segments in response to a visual drive. Here, we also found many of 

the segments to significantly phase-lock to the stimulus at each frequency of stimulation (Fig. 

12). Additionally, we were able to observe a shift in PLV distribution as frequency of the 

stimulation increased. At the lowest frequency of 0.2 Hz, participants’ entire body phase-locked 

to the stimulus (Fig. 12a). At the medium frequency of 0.8 Hz, PLVs became generally weaker 

and more focused around the lower torso and the hip (Fig. 12b). Stimulation at the highest 

frequency of 1.2 Hz revealed an even stronger focus of PLV distribution with the highest values 

around the hip (Fig. 12c).  

 

 
Fig. 12 Average (n=12) Phase-locking values (PLV) of the 25 body segments obtained from the Kinect. 
Columns a-c show different motion conditions (frequency of the oscillating tunnel). Note the different 
scaling for each condition. 
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4. Study 3 – Visual Perturbation Suggests Impaired Motor Control but Intact 
Visuomotor Processing in Parkinson’s Disease (Engel et al., Journal of 
Neurophysiology, 2021) 

 
4.1. Aim & methods 
 
In the third study, a collaboration with the neurology department of the UKGM in Marburg, we 

further extended our previous work and utilized the setup and paradigm established in the 

second study to find potential means for an early detection of Parkinson’s disease (PD) based 

on the common symptom of balance impairments. In total, we recruited 18 patients diagnosed 

with early-to-mid-stage PD that were on dopaminergic medication, 11 age-matched control 

subjects (CT) and 15 healthy young participants (YG). We hypothesized that PD patients would 

show a greater sway magnitude due to their postural instability. Moreover, we assumed that 

they would show an increased phase locking to the visual stimulus, since they rely on their vision 

more strongly. Lastly, due to their increased rigidity, we hypothesized patients to be less flexible 

in their postural strategies in order to adapt to the visual drive (see 1.3.). 

 

Analogously to the second study, each participant performed ten trials for each of the 

frequencies of tunnel motion (0.2 Hz, 0.8 Hz and 1.2 Hz), with an additional ten trials of a 

baseline condition at which the tunnel remained static. Again, we tracked participants’ COP 

using the WBB and the 25 body segments via the Kinect (Fig. 10). In this study, we also derived 

the 3-D postion of the COM from the full-body data and analyzed its trajectory in the a-p 

direction in the same way as the COP and individual body segments. The position of the COM 

and thus its trajectory was calculated from a linear combination of specific body segments, each 

weighted according to its contribution to total body mass. The respective weights were taken 

from Winter (2009). First, we investigated the mean sway amplitude (MSA) of each postural 

parameter by calculating the detrended standard deviation of the respective time courses. 

Second, we obtained the PLVs of all parameters as described in Study 2 (see 3.1.). 
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4.2. Main results 
 
Patients exhibited considerably higher sway amplitudes in their COP and COM than both age-

matched controls and young healthy adults. For most conditions, the differences were 

statistically significant (Fig. 13, left panel). Surprisingly, there was no effect of the frequency of 

tunnel oscillation on the magnitude of MSA. Considering the obtained PLVs, there was no 

difference in average PLV of either COP or COM between the groups. On average, all groups 

phase-locked their COP and COM similarily to the visual stimulus, independent of the frequency 

at which the tunnel oscillated (Fig. 13, right panel).   

 

  
Fig. 13 Average mean sway amplitude (MSA, left panels) and phase-locking values (PLV, right panels) for 
COP (upper row) and COM (bottom row). Each column of the panels shows results for a different 
condition of the tunnel motion. Boxplots inside each plot represent the three tested groups (PD: 
Parkinson’s patients, CT: age-matched controls, YG: young healthy adults). Black horizontal lines indicate 
group medians, boxes indicate the 75th (top edge) and 25th (bottom edge) percentiles. Gray dots 
represent data of single subjects. 
 

These findings were confirmed by analysis of our full-body motion data. Examining the 

individual body segments, patients’ MSA of the torso, head and arms was considerably higher 

than in both other groups (Fig. 14). Again, visual motion had no effect on the average MSA 

within each group.  
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Fig. 14 Mean sway amplitude (MSA) in the a-p direction of the 25 body segments obtained from the 
Kinect. Color coding represents the average of each group. Circles represent individual body segments. 
Rows from top to bottom show different groups (PD: Parkinson’s patients, CT: age-matched controls, YG, 
young healthy adults). Columns from left to right indicate different frequencies of the simulated tunnel 
movement (static = no visual motion). 
 
 
This was different for the PLVs of the individual body segments (Fig. 15). For stimulation at 0.2 

Hz, all groups similarly phase-locked to the visual oscillation with their entire body, reaching 

PLVs up to 0.7. For stimulation at 0.8 Hz, absolute PLVs became weaker, but were still rather 

homogeneously distributed across the body in all of the groups. At the highest frequency of 1.2 

Hz, PD patients maintained their rather homogeneous phase locking across their body, whereas 

distribution of PLVs for the age-matched control group was now more focused on the torso, 

with no phase locking present around their thighs and hip. At this high frequency of stimulation, 

the young healthy adults exhibited an even more extreme shift in PLV distribution, similar to 

our findings in the second study. Their PLVs around the head and shoulders declined and PLVs 

were almost exclusively focused around the hip. 
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Fig. 15 Phase-locking values (PLV) of the 25 body segments obtained from the Kinect. Color coding 
represents the average of each group. Circles represent individual body segments. Rows from top to 
bottom show different groups (PD: Parkinson’s patients, CT: age-matched controls, YG, young healthy 
adults). Columns from left to right indicate different frequencies of the simulated tunnel movement 
(static = no visual motion). Note the different scaling for each group and condition. 
 
 

To quantify the distribution of PLV across the body, we calculated a shoulder-hip-ratio (SHR) 

by dividing absolute PLVs of the hip segments by absolute PLVs of the shoulder segments. At 

the highest frequency of 1.2 Hz, SHR of the young participants was significantly higher when 

compared to both other groups. 
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5. Study 4 – Visual perturbation suggests increased effort to maintain balance in 
early stages of Parkinson’s to be an effect of age rather than disease (Student 
et al., Frontiers in Human Neuroscience, 2021 – in review) 

 
5.1. Aim & methods 
 
The fourth study was based on an additional paradigm we implemented in the course of the 

experiment for the third study. The goal was to similarly assess the motion of the COP and COM 

in response to a continuous unpredictable visual perturbation in the anterior-posterior direction 

to find additional potential means for an early detection of Parkinson’s disease. We investigated 

mean velocity, i.e., the average velocity in a-p direction over time, of both COP and COM under 

unpredictable visual perturbation (unpredictable condition, UC) as well as during a static 

condition (SC), at which the visual tunnel remained motionless. We hypothesized, first, that 

patients would display the highest velocity in both parameters under both conditions; Second, 

we assumed that velocity of both parameters would increase under visual perturbation in all 

groups when compared to the baseline. Finally, we predicted the increase in velocity between 

both conditions would again be strongest for the group of patients. 

 

 
Fig. 16 Experimental setup and paradigm of the fourth study. Subjects stood on a WBB to track the 
trajectory of their COP, while their body motion was captured with a video-based motion tracking system 
(not pictured) to derive the time course of their COM. They wore a head-mounted display through which 
they were simulated to stand inside a 3-D tunnel. During trials, the tunnel either remained stationary 
(static condition) or moved back and forth in an unpredictable manner (unpredictable condition). 
 

The visual stimulus consisted of the same virtual tunnel used in the previous studies (Fig. 16, 

see also 3.1.). For the unpredictable condition, motion of the tunnel was made up of a 30 s 

sequence of random displacements along the anterior-posterior axis. This sequence was 
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generated out of random positions obtained from the inverse Fourier transform of a flattened 

random frequency spectrum (random white noise). The maximum step size was set to 80 cm. 

COP time courses were measured directly with the WBB. Analogously to the third study, we 

calculated the position and thus trajectory of the COM from a linear combination of specific 

body segments.   

 
5.2. Main results 
 
PD patients exhibited largest mean velocities of their COP as well as their COM under both 

conditions when compared to the other groups (Fig. 17). However, this difference was only 

significant towards the young group, whereas velocities of the age-matched controls were only 

slightly lower. For all groups, mean velocity of the COP was almost double as high under 

unpredictable visual perturbation (Fig. 17D) when compared to the static condition (Fig. 17A). 

This was not the case for the COM (Fig. 17B vs. 17E). 

 

 
 

Fig. 17 Box plots representing mean velocity of COP (A) and COM (B) during the static condition (C) and 
mean velocity of COP (D) and COM (E) during the unpredictable condition (F). Red lines indicate respective 
group medians (PD: Parkinson’s patients, CT: age-matched controls, YG: young healthy adults). Boxes 
indicate the 25th (bottom edge) and 75th (top edge) percentiles. Black dots indicate data of single subjects. 
Note the different scaling of the ordinate in panel D. 
 

To quantify the effect of visual perturbation on mean velocity of both sway parameters, we 

calculated the net difference by subtracting the average mean velocity during the baseline 

condition from the average mean velocity during the unpredictable condition in each respective 

group on a subject-by-subject basis. We found a significantly higher increase in COP velocity for 

both PD patients and age-matched controls when compared to the young healthy adults (Fig. 

18A), but no increase in COM velocity in any of the groups (Fig. 19A).  
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Fig. 18 (A) Box plots representing the net-effect of the unpredictable tunnel motion on mean COP 
velocities as compared to the static condition for each group (PD: Parkinson’s patients, CT: age-matched 
controls, YG: young healthy adults). Red lines indicate respective group medians. Boxes indicate the 25th 
(bottom edge) and 75th (top edge) percentiles. Black dots indicate data of single subjects. (B) Average net-
effect of visual stimulation on mean COP velocity over time in 0.5 s bins. Black vertical lines indicate 
stimulus onset (left) and offset (right).  
 
To gain further insight into the temporal dynamics of mean velocity, we divided the time course 

data into strings of 0.5 s and calculated the mean velocity of each respective section (bin). The 

results can be seen in Figures 18.B (COP) and 19.B (COM). While the mean COP velocity of the 

young group remained almost unaffected, that of both PD and CT considerably increased shortly 

after stimulus onset. When the motion of the tunnel ended, COP velocity of PD and CT 

decreased again after a short delay, which was similar for both groups. For the COM, the binned 

time series confirmed previous findings since they displayed no effect of the stimulus.  

 

 
 

Fig. 19 (A) Box plots representing the net-effect of the unpredictable tunnel motion on mean COM 
velocities as compared to the static condition for each group (PD: Parkinson’s patients, CT: age-matched 
controls, YG: young healthy adults). Red lines indicate respective group medians. Boxes indicate the 25th 
(bottom edge) and 75th (top edge) percentiles. Black dots indicate data of single subjects. (B) Average net-
effect of visual stimulation on mean COM velocity over time in 0.5 s bins. Black vertical lines indicate 
stimulus onset (left) and offset (right).  
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6. Discussion and Outlook 
 
6.1. Summary of results 
 

In my research for this thesis, which resulted in four publications I authored, I was able to 

provide novel insight into visuomotor control in humans. I found that human participants, when 

exposed to an oscillatory visual drive in anterior-posterior direction in VR during upright stance, 

reliably phase-locked the motion of their COP to the respective stimulus, even at frequencies 

exceeding 1 Hz. I introduced a mobile and cost-effective setup through which I additionally 

implemented full-body motion tracking. This made me find participants to phase-lock not only 

their COP but also additional segments of their body to the visual drive. Moreover, I detected a 

shift in distribution of phase locking across the body with increasing frequency of the visual 

perturbation. In a subsequent study with a group of PD patients, an age-matched control group, 

and a group of young healthy adults, I found patients to exhibit increased sway amplitude but 

similar phase locking in all body sway parameters when compared to the healthy groups, also 

including the COM. Though, patients and elderly adults exhibited a less pronounced shift of PLV 

distribution as frequency of the perturbation increased. Lastly, I found mean velocity of the COP 

to increase in patients and elderly adults when exposed to unpredictable visual motion, which 

was not the case in the young group. Motion of the visual scenery had no effect on mean velocity 

of the COM in any of the groups. 

 
6.2. Phase dynamics in human visuomotor control 
 
In all my studies, I was able to elicit VEPR using a moving room paradigm presented through a 

virtual reality head-mounted display. This confirmed that visual perception of self-motion, even 

when elicited in virtual reality, leads to postural readjustments (D. Lee & Lishman, 1975; 

Lestienne et al., 1977; Schöner, 1991; Stoffregen et al., 2004). In the first study, albeit by the 

use of only two frequencies, I was able to confirm frequency power of VEPR to decline with 

increasing frequency, as has been reported in previous research (Oida et al., 1995; Peterka, 

2002). As stated in the introduction, the frequency realm of 0.2 Hz – 0.5 Hz has been found to 

elicit the strongest bodily reactions. These low frequencies resemble those of quiet, 

unperturbed stance (Singh et al., 2012; Yamamoto et al., 2015) and have also been attributed 

to inertia of the otolith system in the vestibular organ (Kapteyn & Wit, 1972). They may 

therefore represent potential eigenfrequencies of human body sway. 
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One explanation of declining responses to higher frequencies might be the attribution of visual 

scene motion to self-motion. In the first study, the peak-to-peak amplitude of the visual 

oscillation was kept constant at both frequencies of stimulation. For stimulation at 1.5 Hz, this 

meant that the top speed of the imposed optic flow was much higher than for stimulation at 0.2 

Hz. When this velocity exceeds a threshold, the visual system might no longer attribute the optic 

flow to be caused by motion of the own body (self-motion), but to motion of the environment 

(Barela et al., 2009; Day et al., 2016; Dokka et al., 2010; Jeka et al., 1998; Kuno et al., 1999). The 

sensory percept of self-motion is referred to as vection (Thurrell & Bronstein, 2002). Hence, at 

higher velocities, the illusion of self-motion (vection) might be lost and VEPRs become less 

pronounced. For this reason, I counteracted this velocity effect associated with higher 

frequencies by scaling the amplitude of the visual stimulus to each frequency in the subsequent 

studies. Another explanation could be the biomechanical constraints of the body, which due to 

inertia as well as limited muscle force and neural response times is no longer able to follow the 

fast back-and-forth motion. However, I was able to show that subjects’ COP, despite low 

frequency power, strongly phase-locked its movement to the visual drive at frequencies 

exceeding 1 Hz (Fig. 11 & 13). The low amplitude and frequency power at these high frequencies 

could be due to them being far from the spectrum of previously mentioned eigenfrequencies. 

Though, these eigenfrequencies could mainly be constrained by the biomechanics of the upright 

human body described above, whereas the actual neural processing still captures frequencies 

that exceed said spectrum. This suggests that the visuomotor system is able to process higher 

frequencies than previously assumed and still create corresponding motor output. Previous 

research on human balance control based on body sway measures may have been biased by 

biomechanical properties and therefore unable to investigate properties associated with actual 

neural processing involved in visuomotor control.  

 

Nevertheless, tracking of additional body segments revealed that phase locking is also not 

unaffected by frequency. Throughout my studies employing periodical visual stimuli, despite 

slightly different paradigms and different participants, analyzing VEPR of the COP with inter-trial 

phase coherence and phase-locking values yielded consistently strong responses to all 

frequencies of stimulation. (Fig. 7, 8, 11 & 13).  On the other hand, the absolute PLVs of the 

COM and of the individual body segments declined with increasing frequency (Fig. 12, 13 & 15). 

This could be explained by the different functions attributed to these variables. Whereas the 

COP represents the forces applied on the ground to create counter movements to the visual 

drive, and thus directly reflects the result of visuomotor processing, the COM (and the individual 
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body segments) reflect the overall outcome of this effort, expressed in body sway, and are thus 

more constrained by biomechanics. These findings support the hypothesis of the COP being the 

controlling variable and the COM being the controlled variable (Horak & MacPherson, 1996; 

Morasso, 2020; Winter et al., 1996).  

 

Altogether, my findings suggest phase locking to be an essential feature of human visuomotor 

control, that should be considered in future research. I suggest implementing more frequencies 

in future studies to capture a broader range of responses. In particular, it would be intriguing to 

test even higher frequencies to determine the limits of phase locking in response to an 

oscillatory drive. Within the range of potential eigenfrequencies, where responses are 

strongest, smaller increments could be used to investigate more nuanced biomechanical 

parameters that could lead to shifts in the observed eigenfrequencies, providing further insight 

into the actual constrains caused by biomechanics. To gain a better understanding of phase 

locking as a visuomotor property, visual oscillations whose phase is spontaneously modulated 

could be implemented. Furthermore, it would be intriguing to test a baseline condition which 

does not consist of a static tunnel, but rather of the dots comprising the tunnel oscillating 

incoherently, which would prevent the possibility of an overall phase locking to the visual 

scenery. Moreover, different grades of coherence could be tested to investigate at which level 

of coherence the phase of the visual surround is picked up by the visuomotor system. 

 

Even though the phase-locking techniques I introduced in this thesis yielded reliable results and 

novel insight into visuomotor control, there are some caveats associated with them. ITPC 

compares the instantaneous phases between trials, but does not take the stimulus signal into 

account. Also, it is sensitive to the number of trials and therefore not suitable for comparison 

of conditions with different numbers of trials (Cohen, 2014). This is why I used PLV in all 

subsequent studies, which also includes the relation to the signal of the stimulus. The greatest 

advantage of both techniques constitutes their independence of the amplitude of the signal. 

Hence, they detect systematic responses even when these responses are low in power. Though, 

this also means that they are likely to capture noise that is correlated with the stimulus. For 

instance, a subject might slightly tap their finger in rhythm of the moving tunnel. This tapping 

would then result in high phase-locking values. However, the already implemented motion 

tracking is able to detect such motions and thus counteract the issue. Like most analyses, phase-

locking is also susceptible to uncorrelated noise, since the signal-to-noise ratio influences the 

spread of phase angles. Overcoming this issue, in turn, does require a certain amount of power 
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in the signal (Cohen, 2014; Diepen & Mazaheri, 2018). Lastly, one has to be aware that lower 

frequencies, i.e., fewer cycles of the signal per time unit, are more likely to have a consistent 

phase over time. This is in contrast to higher frequencies, where phase shifts are more likely to 

occur, potentially resulting in decreased phase-locking values. This requires adequate prior 

estimation of the chance level of phase-locking to occur at each frequency band. 

 

6.3. Postural strategies re-visited 
 

As described in the previous chapter, phase locking of different body sway parameters suggests 

that humans adapt their body sway in response to frequencies of visual stimulation exceeding 

0.5 Hz. Even though PLVs of the COM and individual body segments declined with frequency, 

they were still well above baseline even at the highest stimulus frequency of 1.2 Hz. Moreover, 

in the first study, I still found a weak but significant response in COP frequency power at the 

high frequency of 1.5 Hz. 

 

Maintaining coherent body sway at frequencies exceeding 1 Hz is unlikely to be feasible for the 

human body if modelled as a stiff, single-link inverted pendulum around the ankle joint. Hence, 

sway at such high frequencies must be described by the human body acting as a multi-link 

pendulum with increased flexibility (Dokka et al., 2009; W. L. Hsu et al., 2013; Reimann & 

Schöner, 2017; Scholz et al., 2012). This was empirically confirmed by the analysis of individual 

body segments in studies 2 and 3. Participants in study 2 (Fig. 12) and participants of the young 

group in study 3 (Fig. 15) shifted the distribution of phase locking from a homogeneous 

distribution across the entire body to almost exclusive phase locking with their hip as frequency 

of the stimulation increased. This shift could not be observed when looking at mere sway 

amplitude of the respective body segments (Fig. 14). Phase locking of only specific body 

segments might indicate that torque is generated at these exact segments in response to the 

visual stimulus. This, in turn, could be interpreted as participants shifting from an ankle to a hip 

strategy to counteract the high-frequency visual perturbation. Due to limited foot length, 

limited applicable torque and large inertia of the upright body, the ankle strategy, at higher 

frequencies, might not be able to accelerate the COM back to equilibrium anymore (Boehm et 

al., 2019). Phase locking therefore empirically confirmed an adaptation of postural strategy to 

changing sensory conditions, as previously proposed in the literature (Boehm et al., 2019; Horak 

& Nashner, 1986; Nashner et al., 1989; Winter, 1995). Young healthy adults in the second and 
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third studies were thus able to switch the modes of their body sway to respond to changing 

environmental circumstances (Creath et al., 2005). 

 

In my third study, I additionally investigated PLVs in response to an oscillatory visual drive in a 

group of PD patients and elderly healthy adults. Both groups exhibited an equally strong phase 

locking of their COM and COP to all visual frequencies compared to the group of young healthy 

adults (Fig. 13). However, given the above interpretation, PLVs of their individual body segments 

revealed that they employed different strategies. The observed retention of an ankle strategy 

even at higher frequencies in PD patients and older adults might be due to an increased stiffness 

or rigidity of their body, which will be discussed in more detail in the following chapter. 

Nevertheless, my results indicate that stabilization of the COM is achieved differently in young 

and elderly adults. This, in turn, implies that postural strategies depend not only on 

environmental circumstances and subsequent sensory input but also likely on the physical 

constitution of the subject, which is affected by aging (Roman-Liu, 2018; van Dieën & Pijnappels, 

2017). 

 

Independent of the strategy employed in each case, my last two studies also revealed that sway 

magnitude and velocity of the COM were not affected by visual stimulation, regardless of the 

frequency or predictability of the stimulus (Fig. 14 & 19). Based on the interpretation of the 

COM being the controlled variable by the CNS, this implies that all participants successfully 

maintained their balance in every scenario, which is also supported by the fact that none of the 

participants had to take a step or even fell during any of the experiments. Hence, even posturally 

impaired participants did not reach the limits of their stability when exposed to my stimuli. 

 

Altogether, applying periodical visual perturbations while investigating phase locking of the 

resulting VEPR across the entire body allowed me to quantitatively confirm shifts in postural 

strategy in response to different environmental conditions. Moreover, my results suggest these 

shifts to be affected by aging. As mentioned in the previous chapter, it would be intriguing to 

test a wider range of frequencies to gain more detailed insight into the points in the spectrum 

at which these strategy shifts occur. 

 

Additional measures could further improve this field of research. To better understand shifts in 

postural strategies and the biomechanical constraints of visuomotor control, EMG recordings of 

various muscles could facilitate understanding of motor output elicited by visual stimuli. It 
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would be intriguing how muscle activity potentially phase-locks to periodical visual motion, 

which could provide additional insight into the outputs of the visuomotor processing chain. 

Moreover, future research based on my methodology could be extended to also include 

perturbations in the vestibular and proprioceptive modalities and their interaction with vision 

(Assländer & Peterka, 2016; Day & Guerraz, 2007; Hwang et al., 2014). 

 

Lastly, it must be noted that my current setup only allows for investigation of visuomotor control 

during upright stance. Even though this allowed me to provide new insight into visuomotor 

processing, standing quietly inside a laboratory does not comprise a very natural process. To 

gain a more sophisticated and holistic insight into visuomotor control, current research 

increasingly focuses toward investigating balance control during gait (Reimann, Fettrow, & Jeka, 

2018; Reimann, Fettrow, Thompson, et al., 2018). Some studies even already investigated 

human gait in natural terrain (Matthis et al., 2018). These approaches capture more natural 

behavior and thus facilitate a better understanding of the human postural control system in 

everyday situations. Nonetheless, the methodology introduced in my thesis may be extended 

to gait research and also utilized to improve analyses of the human gait cycle in response to 

perturbations (Winter, 2009). 

 
6.4. Visuomotor control in Parkinson’s disease 
 
Based on the findings of my first two studies, I wanted to use my previously developed 

paradigms and techniques to find means for an early detection of postural instability in 

Parkinson’s disease. For this purpose, I compared VEPR between a group of PD patients, an age-

matched control group, and a group of young healthy adults. 

 

Since this measure was only investigated in the third study by tracking several body segments 

simultaneously, distribution of MSA across the body first allowed me to confirm  the human 

body to share characteristics of an inverted pendulum (Peterka, 2002; Winter et al., 1998). This 

can be seen in patients exhibiting largest sway around the head, with decreasing amplitude 

towards lower parts of the body (Fig. 14). Both other groups showed a similar distribution across 

the body, albeit with considerably smaller sway amplitudes. Interestingly, mean sway 

amplitudes of the COP and the COM (Fig. 13) as well as of individual body segments (Fig. 14) 

were not affected by the visual condition in any of the groups. This is in line with similar research 

(Cruz et al., 2018, 2021). These findings suggest that participants, including patients, maintained 
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their natural sway amplitude but phase-locked their sway to the visual scenery when exposed 

to periodical stimuli.  

 

The magnitude of PLV in COP and COM was not statistically different between groups. Thus, I 

had to reject the hypothesis that PD patients show an increased phase locking. This could mean 

that, albeit exhibiting more sway regarding amplitude, the visuomotor processing in the group 

of patients was intact, since they strongly phase-locked their body sway to the visual drive like 

their healthy peers. Given the fact that balance control mainly utilizes vision, graviception and 

proprioception, my results indicate that, next to motor impairments, balance deficits in PD are 

probably not due to impaired visual processing but have to stem from either vestibular or 

proprioceptive deficits and their subcortical or cortical processing. One explanation for their 

increased sway could lie in possible impairments in the neural processing between the 

cerebellum and the basal ganglia (Morton & Bastian, 2004), which I was unable to investigate in 

my experimental paradigms. Furthermore, my results indicate that phase locking as a feature of 

visuomotor processing seems to be unaffected by aging, since both, patients, and elderly adults, 

exhibited the same PLVs as the young healthy adults in their COM and COP (Fig. 13). Similar 

spectral characteristics in body sway between young and elderly adults have also been reported 

in previous research (Loughlin & Redfern, 2001). 

 

The absence of a shift of PLV distribution towards the hip when the frequency of the visual 

stimulation increased, as observed in the third study, could be interpreted as patients and 

healthy elderly adults having problems to adapt their postural strategy, which resulted in both 

groups sticking to an ankle strategy even at higher frequencies (Fig. 15). This might reflect a 

certain rigidity of their bodies. Rigidity has been found to be a common symptom of PD (Bloem, 

1992; Chong et al., 2000; Horak et al., 1992; Schoneburg et al., 2013). However, the rigidity 

observed in this study could have various origins. PD patients generally exhibit increased 

hypertonic muscle tone (Rinalduzzi et al., 2015). In addition, problems in sequential control of 

their posture could lead to incongruent and contradictory movement and cause observed 

stiffness (Nashner & McCollum, 1985; Rinalduzzi et al., 2015). However, there are also neural 

and non-neural contributors, whose different contributions are still under debate (Ferreira-

Sánchez et al., 2020). On the non-neural side, reduced viscoelastic mechanical flexibility of 

muscle fibers and passive connective tissue result in biomechanical constraints. These 

constraints, along with impaired flexibility of joint coordination, are considered to accompany 

regular aging (W. L. Hsu et al., 2013; Zullo et al., 2020). This potentially explains my finding of 
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increased rigidity in healthy elderly adults and suggests the rigidity observed in patients to be 

an effect of age rather than disease. 

 

Analogous to the increased MSA in COP, COM, and individual body segments observed in 

patients, the fourth study revealed them to also exhibit increased velocity of their COP and 

COM, irrespective of the visual condition. This again suggests a general postural instability 

reflected in increased motor output. Unpredictable visual perturbation did not increase velocity 

of the COM in any of the groups, as did the effect of continuous visual perturbation on MSA in 

the third study.  However, I found PD patients and their healthy peers to considerably increase 

the velocity of their COP when exposed to the visual perturbation (Fig. 18). This was not the 

case in the group of young healthy adults.  First, as indicated above, this can be interpreted to 

mean that all groups successfully maintained their balance under every visual condition. The 

increased motion of the COP in patients and elderly adults, however, might indicate an 

increased effort to achieve this task. Higher mean velocity of the COP reflects more frequent 

changes in its trajectory over time and thus more frequent application of corrective forces on 

the ground. Just as with the impaired strategy shifts revealed by full-body PLV, this increased 

effort to maintain balance appears to be an effect of age rather than disease (Roman-Liu, 2018). 

 

Analysis of the temporal dynamics of COP mean velocity in the fourth study revealed another 

intriguing finding. The delay with which the mean velocity increased after stimulus onset and 

decreased after stimulus offset was identical in PD patients and the age-matched control group 

(Fig. 18). This confirms results from previous work which also found no difference in motor 

response latency in PD (Rinalduzzi et al., 2015), but at the same time contradicts other studies 

suggesting increased latencies in motor tasks in PD (De Nunzio et al., 2007), and, hence, requires 

further investigation. 

 

My findings indicate that PD patients at this early stage already show a generally increased 

motor output, revealed by the exaggerated MSA and velocities of their COP and COM, but that 

their visuomotor processing is still intact, indicated by the successful phase locking to the visual 

drive. It has been claimed that movements evoked by external cues might actually bypass the 

basal ganglia and thus are not affected by PD (Cunnington et al., 1995). Another explanation 

could be the dopaminergic medication that all patients received at the time of testing. However, 

the actual influence of L-dopa on balance control is still under debate (Feller et al., 2019). There 

is evidence that L-dopa is beneficial against rigidity, tremor and bradykinesia, but also that it 
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might not improve or even worsen postural control (Horak et al., 1996; Maurer et al., 2003; 

Nantel et al., 2012; Rocchi, 2002). Of the many distinct circuits involved in balance control, only 

some might potentially be mediated by dopaminergic control, and therefore L-dopa may not 

have a relevant clinical effect on improving postural stability (Bloem, 1992; Grimbergen et al., 

2009; Roller et al., 1989; Schoneburg et al., 2013). On the other hand, there is evidence that L-

dopa does not improve motor control precision but still improves responsiveness of the 

sensorimotor system (Chen et al., 2016). This would be consistent with the increased MSA but 

similar PLVs observed in my studies. To better understand the effect of medication on 

visuomotor processing, further studies with larger cohorts of patients at similar stages of the 

disease but with different dosages of L-dopa need to be conducted. Also, the same patients 

would need to be tested in both their ‘on’ and ‘off’ states of medication. 

 

Taken together, both PLV and mean velocity of various body sway parameters as examined in 

my studies may not be suitable for an early detection of Parkinson’s disease. However, in 

addition to the aspects already mentioned in this chapter, my studies were limited for several 

reasons. First, most of the patients were in early-to-mid stages of the disease, with over 80 % of 

them being in Hoehn and Yahr (H & Y) stage 1 or 2. Only three patients had been formally 

diagnosed with postural instability, i.e., being in H & Y stage 3. Even though the aim of my study 

was an early detection, it might have been beneficial to first include more patients in H & Y 

stages 3 and above to evaluate potentially clearer effects of the disease on the postural 

parameters I investigated. Subsequently, studies with patients primarily in early stages might 

facilitate detection of impending balance impairments. Also, longitudinal studies with the same 

patients need to be conducted. This might help to gain more nuanced insight into when balance 

impairments start to occur, and which postural parameters might act as predictors. Another 

limitation was the small group of patients, albeit being rather heterogeneous. With a larger 

cohort including different stages of disease progression, medication dosage, age, and other 

clinical parameters, the methods employed in my studies might yield possible correlations 

between these factors and my experimental outcomes. This could provide more refined insight 

into visuomotor processing in PD, which in turn might help to identify patients with impending 

postural instability before they are revealed by clinical testing. Because many of my 

experimental outcomes seemed to be influenced by age rather than PD, it would also be 

important to study larger cohorts of individuals without neurological impairments covering a 

wider range of ages. This possibly yields insight into when changes in phase dynamics of 

visuomotor processing occur. Finally, the paradigm used in my studies may not have been 
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challenging enough to differentiate behavior of PD patients from that of age-matched controls. 

More challenging perturbations or even dual tasks, which are cognitively more demanding, 

might allow to detect impairments which are not accompanied by regular aging, but which are 

peculiar to PD (Schoneburg et al., 2013). 

 

Considering the limitations and their possible solutions as discussed in this chapter, it is 

important to mention that my recent studies introduced an entirely mobile and cost-effective 

setup. It consists of devices initially designed for the video game industry, which makes them 

affordable and commercially available. My experiments were conducted with a lightweight 

force platform (Nintendo WBB), a small camera system (Microsoft Kinect) and a virtual reality 

headset (HTC Vive). All devices can be run on a single 15” notebook. This means, my research 

equipment can easily be carried to and installed in any room exceeding a ground area of 2x2 m. 

This is satisfied by almost all homes, offices of a GP, or stationary rooms in a clinic. Hence, my 

setup facilitates research with large cohorts of populations whose mobility is impaired, 

eliminating the necessity of a research laboratory in close vicinity. 

 

6.5. White-noise perturbation and the role of prediction 
 

In this thesis, my focus was on investigation of phase-dynamics in visuomotor control. For this 

purpose, I analyzed VEPR with regard to oscillatory – and thus predictable – visual perturbations. 

However, albeit only implemented to some extent in the fourth study, my experimental 

paradigm also included trials that showed unpredictable anterior-posterior motion of the 

simulated tunnel. 

 

There is evidence that predictability and periodicity of a visual stimulus do affect VEPR (Cruz et 

al., 2021; Musolino et al., 2006). In general, it is widely accepted that prediction comprises a key 

element of our perception and action in the world (Friston, 2010). In particular, it has been 

shown that predictive coding plays an important role in visual processing (Rao & Ballard, 1999), 

also in the context of self-motion perception (Schmitt et al., 2021). Even though the additional 

visual condition analyzed in the fourth study was labeled ‘unpredictable condition’, our analysis 

(mean sway velocity) only investigated a rather broad measure of stability that likely only 

captured the general destabilizing effect of the moving scenery. With this rather simple analysis, 

we did not address the correlation of the responses with the unique sequence in each trial. This 

sequence with a flattened power spectrum (random white-noise), which contained all temporal 
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frequencies with equal weights, was initially created to investigate further aspects of the 

visuomotor system which I want to address in future studies. It was inspired by an EEG paradigm 

first introduced by VanRullen and Macdonald (2012), who used corresponding luminance 

sequences and found an oscillating occipital alpha response which they labeled as ‘perceptual 

echo’. This work has been built up upon and further developed in EEG studies conducted in our 

group (Schwenk et al., 2020). Using similar reverse-correlation techniques between the stimulus 

sequence and the body sway responses, we aim to find similar ‘echoes’ in VEPR. These might 

indicate a steady-state response of the visuomotor system to a continuous random perturbation 

and provide further insight into the frequency behavior of said system. Moreover, since this 

stimulus contains a broad range of temporal frequencies, impulse response functions of VEPR 

might provide additional means to reveal eigenfrequencies – like alpha rhythms suggested in 

V1 – of the human visuomotor control system, as previously described (see 6.2.). 

 

In order to investigate the influence of prediction on VEPR to transient perturbations, I am 

currently preparing stimuli that include short medio-lateral shifts superimposed on the anterior-

posterior oscillations of the tunnel. These medio-lateral perturbations either occur at a fixed 

phase of the a-p oscillation or at random stages. Moreover, there will be trials where 

participants are notified about impending perturbations and trials where they will not know 

whether, when, or in which direction the additional perturbations occur. This planned research 

will be part of a larger group effort to combine electrophysiological work on non-human 

primates, EEG studies on human participants and my VEPR paradigms. Given this framework, 

our goal is to facilitate understanding of the influence of prediction on visual self-motion 

perception across a broad range of visuo-moto processing.   

 

Within these planned efforts, recently developed mobile EEG systems will allow me to also 

implement scalp EEG recordings in my setup to investigate cortical processing during VEPR. 

Previous research has shown cortical areas to be involved in balance control (Bolton et al., 2012; 

Mihara et al., 2008; S. Slobounov et al., 2009; S. M. Slobounov et al., 2013; Varghese et al., 

2014). Furthermore, this cortical processing may be affected differently in various clinical 

populations. 
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6.6. State-of-the-art approaches: Deep learning 
 
The field of artificial intelligence (AI) dates back as far as the 1950s and has since seen many 

‘springs’ and ‘winters’ (Mitchell, 2021). In 1980, Fukushima introduced the first artificial deep 

convolutional neural network inspired by the hierarchical structure of the primate visual system 

(Fukushima, 1980). However, it took until 2012 for the now famous AlexNet, along with 

breakthroughs in available data sets and parallel computing power, to trigger the current deep 

learning revolution (Krizhevsky et al., 2017). Since then, deep neural networks (DNN) have been 

consistently improved and established as a powerful tool with a myriad of applications 

throughout academia and industry (Sarker, 2021).   

 

In the context of this thesis, modern DNNs, performing video-based image recognition, have led 

to mobile and cost-effective motion tracking technologies like AniPose1 and OpenPose2. These 

technologies allow for sophisticated but at the same time easy-to-implement motion analyses. 

Since they provide a larger set of body markers, allowing for a more detailed estimation of 

posture, and can be used with modern camera systems, they outperform the Kinect system 

used in my studies and thus constitute a promising upgrade to my mobile setup. 

 

In terms of discriminative applications, along with other machine learning techniques, DNNs 

have been used to facilitate the diagnosis of PD (Mei et al., 2021), also particularly the detection 

of motor symptoms (Ahlrichs & Lawo, 2013). Moreover, recent studies have employed DNNs to 

perform discriminative tasks based on time-frequency spectrograms (Huang et al., 2019; Jung 

et al., 2020; Loh et al., 2021). Hence, building up on these DNN approaches, data obtained in 

my setup along with the results of my analyses could be used to improve detection of structural 

differences between populations that have thus far exceeded the scope of existing research. 

 

 

 
1 https://anipose.readthedocs.io/en/latest/#, last access: 22/10/2021 
2 https://github.com/CMU-Perceptual-Computing-Lab/openpose/AnyPose, last access: 22/10/2021 



Discussion and Outlook 
 

48 
 

6.7. Conclusion 
 
In the studies which comprise this dissertation, using innovative phase-locking techniques along 

with simultaneous tracking of several body sway parameters, I was able to provide novel insight 

into visually evoked postural responses to an oscillatory visual drive in humans. Overall, my 

studies have uncovered aspects of visuomotor control in healthy and clinical populations that 

have not been previously reported. Given the limitations that need to be addressed in future 

research and the additional measures and approaches I discussed in this thesis, my newly 

introduced methodology, along with the mobile setup that allows for convenient testing outside 

of a research laboratory, offers a promising framework for a deeper understanding of 

visuomotor processing in health and disease. Furthermore, this framework holds the potential 

to facilitate the discovery of biomarkers indicative of neurological disease, which could provide 

the means for an early diagnosis and improve the quality of life of those affected. 
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Abstract

Vision plays a central role in maintaining balance. When humans perceive their body as moving, they trigger counter move-

ments. This results in body sway, which has typically been investigated by measuring the body’s center of pressure (COP). 

Here, we aimed to induce visually evoked postural responses (VEPR) by simulating self-motion in virtual reality (VR) using 

a sinusoidally oscillating “moving room” paradigm. Ten healthy subjects participated in the experiment. Stimulation con-

sisted of a 3D-cloud of random dots, presented through a VR headset, which oscillated sinusoidally in the anterior–posterior 

direction at different frequencies. We used a force platform to measure subjects’ COP over time and quantified the resulting 

trajectory by wavelet analyses including inter-trial phase coherence (ITPC). Subjects exhibited significant coupling of their 

COP to the respective stimulus. Even when spectral analysis of postural sway showed only small responses in the expected 

frequency bands (power), ITPC revealed an almost constant strength of coupling to the stimulus within but also across sub-

jects and presented frequencies. Remarkably, ITPC even revealed a strong phase coupling to stimulation at 1.5 Hz, which 

exceeds the frequency range that has generally been attributed to the coupling of human postural sway to an oscillatory visual 

scenery. These findings suggest phase-locking to be an essential feature of visuomotor control.

Keywords Body sway · Virtual reality · COP · Postural response · Frequency · Phase coherence

Introduction

Despite its apparent naturalness, bipedal upright standing is 

inherently unstable and involves a myriad of complex under-

lying neural and biomechanical control processes (Peterka 

2002; Horak 2006). Understanding how humans control 

their balance and posture can benefit many applications such 

as diagnosing and preventing disease, as well as accelerat-

ing rehabilitation (Horak 2006). We manage to maintain our 

upright stance via a complex control system, which, on the 

sensory side, is primarily based on an interplay between 

vision, vestibular information and proprioception (Bronstein 

et al. 1990; Horak and Macpherson 1996; Horak 2006; Mah-

boobin et al. 2009; Bronstein 2019). Weighting across these 

modalities is highly dynamic and depends on factors such 

as availability and variability of signals. However, for many 

situations in our everyday behavior, vision has a dominant 

role, and visual clues alone strongly influence our balance 

(Berthoz et al. 1975, 1979; Soechting and Berthoz 1979; 

Bronstein 1986; Wade and Jones 1997; Laurens et al. 2010).

Stable balance is mainly achieved by controlling the 

body’s center of mass (COM) and keeping it within a dis-

tinct area of stability which physically supports the upright 

human body (Horak and Macpherson 1996; Scholz et al. 

2007, 2012; Sousa et al. 2012). Locating the COM within 

the complex mass distribution of a human body is a difficult 

endeavor, which is why foot center of pressure (COP) is 

widely used to investigate postural sway and whole-body 

movements (Winter 1995; Winter et al. 1996). In terms of 

physics, COP describes the accumulation of all forces the 

human body enacts on the ground on one spot, which can 

be measured via the reactive ground forces using a force 

Communicated by John C. Rothwell.

 * David Engel 

 david.engel@physik.uni-marburg.de

1 Department of Neurophysics, University of Marburg, 

Karl-v.-Frisch-Str. 8a, 35043 Marburg, Germany

2 Center for Mind, Brain and Behavior (CMBB), University 

of Marburg and Justus-Liebig-University, Gießen, Germany

3 Department of Physiology, Neuroscience Program, 

Biomedicine Discovery Institute, Monash University, 

Clayton, VIC, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-020-05782-2&domain=pdf


1178 Experimental Brain Research (2020) 238:1177–1189

1 3

platform. For small angular displacements, the COP time-

course is closely related to that of COM, making it a valid 

measure to investigate postural control (Winter et al. 1996; 

Yamamoto et al. 2015).

Because vision is so vital to the process of maintaining 

balance, understanding the way in which visual information 

and its processing influence posture and balance control is 

crucial. As early as in the 1970s, it has been shown that mov-

ing visual scenes lead to postural readjustments during quiet 

standing (Lee and Lishman 1975; Lestienne et al. 1977, van 

Asten et al. 1988a, b). Bronstein (1986) called this effect 

visually evoked postural response (VEPR). In this context, 

a visual stimulation that is often used is the “moving room” 

paradigm (Lee and Aronson 1974; Lee and Lishman 1975; 

Schöner 1991), during which a real or virtual room is moved 

relative to the subject, eliciting the illusion of self-motion 

and subsequent postural responses. Despite the numerous 

variations of experimental designs carried out within the 

field, it is generally concluded that certain characteristics of 

a moving visual stimulus affect postural sway. These include 

structure (van Asten et al. 1988a; Tossavainen et al. 2003), 

velocity (Stoffregen 1986; Kuno 1999; Barela et al. 2009; 

Dokka et al. 2009; Day et al. 2016; Holten et al. 2016) and 

predictability (Guerraz et al. 2001; Musolino et al. 2006; 

Barela et al. 2009). For periodical stimuli in particular, the 

effect on posture and balance depends on the frequency 

(Dijkstra et al. 1994; Oida et al. 1995; Jeka et al. 1998; 

Kuno et al. 1999; Scholz et al. 2012; Hanssens et al. 2013) 

and amplitude (Peterka and Benolken 1995; Peterka 2002; 

O’Connor et al. 2008) of the modulation.

We regularly encounter oscillating visual motion in our 

natural behavior, for example during walking, which is why 

our visual system is highly sensitive to this kind of stimu-

lus. Because of their simple implementation and analytically 

beneficial properties, periodical perturbations of the visual 

scene in the form of sinusoidal oscillations have become 

a common method of assessing the influence of vision on 

posture (e.g. Lee and Lishman 1975; Dijkstra et al. 1994; 

Peterka and Benolken 1995; Keshner and Kenyon 2000; 

Loughlin and Redfern 2001; Oie et  al. 2002; Musolino 

et al. 2006; Redfern et al. 2007; Scholz et al. 2012; Hans-

sens et al. 2013; Cruz et al. 2018). Being performed in such 

a way, these studies allow for insights into the adjustments 

of the postural control system to an ongoing stimulation over 

longer periods of time. Periodical motion of the visual scene 

can be regarded as a stationary state, and the coupling to this 

motion can therefore be considered a measurement of stabil-

ity (Schöner 1991). In these scenarios, the balance control 

system tries to achieve a stationary state within the recur-

ring movement. This is referred to as dynamic equilibrium 

(Horak and Macpherson 1996), a steady-state coupling of 

the balance control system to an ongoing visual perturba-

tion (Peterka 2002). According to van Asten et al. (1988b), 

visual motion needs to occur in frequencies below 0.5 Hz in 

order to induce coherent body sway, i.e. consistent sway pat-

terns which can be attributed to the movement of the visual 

surround. Low frequencies (0.1 to 0.3 Hz) typically have 

the largest effect on postural sway (Lestienne et al. 1977; 

van Asten et al. 1988b; Schöner 1991; Masson et al. 1995; 

Kiemel et al. 2006; Hanssens et al. 2013).

A common method used to investigate the strength of cou-

pling to a periodical visual stimulus is to compute frequency 

spectrograms of the responses and analyze these according 

to the power of the frequency contained in the stimulation 

(i.e. to quantify the transfer function of the system). These 

spectrograms reveal the extent to which the frequency com-

ponents of the visual motion stimulus can be found in the 

bodily response of the subject. This gives insight into how 

the postural control system adapts to a constantly perturbed 

visual input and achieves a steady state. In doing so however, 

a key challenge is that postural spectrograms typically show 

high inter-subject variability, with many subjects (up to half 

according to Kay and Warren 2001) showing weak or no 

effects of the visual stimulus (Dijkstra et al. 1994; Kay and 

Warren 2001; Peterka 2002; Sparto et al. 2004; Mahboobin 

et al. 2005). Sparto and colleagues (2004) noted the need for 

a method to quantify the statistical significance of a subject’s 

postural spectrogram as response to a particular stimulus.

Taken together, there is demand for a comparable param-

eter by which to investigate and quantify postural responses 

to oscillatory stimuli, to gain further insight into visuomo-

tor processing of periodical visual input. Here, we investi-

gated COP responses to sinusoidal visual perturbations in 

VR. Importantly, we present both an alternative method to 

quantify the coupling of postural sway to a moving visual 

surrounding, as well as a bootstrapping approach to test sta-

tistical significance.

Methods

Participants

Ten human subjects (20–32 years) with normal or corrected 

to normal vision and no known neurological or musculoskel-

etal impairments participated in the study. All subjects gave 

written informed consent prior to the experiment, includ-

ing that regarding the storing and processing of their data. 

Research was approved by the Ethics Committee of the Psy-

chology Department, University of Marburg. All research 

was conducted according to the Declaration of Helsinki.

Stimulus and apparatus

Visual stimuli were presented through an Oculus Rift DK2 

(Oculus VR, Irvine, CA, USA) head mounted display. 
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Subjects stood on a force plate (Accusway, AMTI, Water-

town, MA, USA) to measure their ground reaction forces 

in order to calculate the trajectory of their COP (2-D) dur-

ing trials. The sampling rate of the force plate was set to 

50 Hz. Subjects were told to stand relaxed with their feet 

about hip width apart and parallel on the ground. Their arms 

were to hang loosely at the side of their body, and they were 

instructed to maintain their gaze straight ahead. For safety 

reasons, subjects wore a harness during visual presenta-

tion, which was not providing lift during trials, so as not to 

interfere with the subject’s natural posture and balance. The 

stimulus was created using the PsychVRToolbox in MAT-

LAB (The MathWorks, Inc., Massachusetts, USA), based on 

an OpenGL framework. It consisted of a 3-D cloud of white 

spheres on a black background distributed randomly within 

a virtual space centered around the observer’s head. The 

span of this space was 200 m, 150 m, and 200 m in the left-

to-right, up-to-down, and front-to-back axis, respectively, 

yielding a sphere density of 8 × 10
−4/m3 . Spheres within 

10 m and beyond 100 m from the observer were not ren-

dered. The size of the spheres scaled with distance, with 

glPointSize set to 15. Field of view was 90° horizontally 

and 110° vertically. The framerate of the headset was 75 

fps. The cloud remained static for 5 s, followed by a 45 s 

sinusoidal movement of the cloud along the anterior–pos-

terior axis with a simulated peak-to-peak amplitude of 

1.5 m. We chose this large amplitude, since pilot recordings 

had shown strong postural responses of our subjects in the 

context of this stimulus. The movement was subsequently 

followed by another 10 s static dot cloud to provide the 

subjects with relaxation time (Fig. 1). Every subject per-

formed 20 trials in random order for each of five different 

stimulus frequencies (conditions). Out of those frequencies, 

three were determined in a preceding experiment individu-

ally for each subject. They ranged from 0.3 Hz to 1.3 Hz 

and their average was 0.40 ± 0.05 Hz, 0.58 ± 0.09 Hz and 

0.70 ± 0.1 Hz (mean ± stem). The remaining two frequencies 

constituted low and high control frequencies at 0.2 Hz and 

1.5 Hz respectively and were presented to all subjects. All 

our analyses are based on these latter two frequencies, with 

only the bootstrapped based computation of baseline body 

sway (see “Statistical analysis—background simulation”) to 

also include the remaining three.

Data analysis

Wavelet decomposition

An important approach to investigate time-series data is 

to obtain a frequency-domain representation of the data 

by decomposing the time-domain signal into its frequency 

content. This is commonly achieved using a Fast-Fourier-

Transform (FFT), which fits a composition of sinewaves 

of different frequencies and phases to the signal and thus 

reveals information about the power and phase of each fre-

quency present in that signal. However, Fourier-analysis 

comes with two major limitations: It generally assumes 

stationarity of the signal and makes it difficult to visualize 

changes in frequency-structure over time. The individual 

sine waves used for FFT have no temporal localization. It 

is possible to extract small time windows of the signal and 

perform FFT on those to investigate temporal changes. How-

ever, this also comes with limitations, especially in regard 

to low frequencies like those employed in our study, as they 

require a minimum time series length. Even though the 

stimulus used in the study was stationary over time, i.e. a 

single sinusoid, a constant power of specific frequencies in 

the COP responses could not be assumed. Together with the 

finite nature of the recorded signals, this leads potentially to 

artifacts in the decomposition when using FFT, because the 

signals can’t accurately be reconstructed using indefinite sin-

ewaves. These artifacts become enhanced by the subsequent 

ITPC analysis (see “Inter-trial phase coherence”), making 

it hard if not impossible to interpret when based on FFT 

decomposition.

These considerations motivated us to employ time-

resolved frequency decomposition methods, one of which 

is wavelet decomposition. Broadly, a wavelet consists of a 

temporally localized wave at a distinct frequency with finite 

time duration, which is shifted along the time-signal and 

convoluted with this signal at each shift. Using wavelets of 

different frequencies and durations, this results in a time-

resolved frequency-phase-representation of the signal (Abate 

et al. 2002; Cohen 2014).

The unfiltered time course of a subject’s COP trajec-

tory in each trial underwent wavelet analysis based on a 

Fig. 1  The stimulus consisted of a 3-D cloud of random white 

spheres on a black background. After 5 s being stationary, the cloud 

of spheres then started moving sinusoidally for 45 s in the anterior–

posterior direction, simulating a movement of the outside world. The 

movement was followed by another static period lasting for 10 s
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“Morlet”-Wavelet (Cohen 2019). This was chosen due to its 

analytical nature, which allows for a simple conversion from 

the wavelet scale to a single frequency, as well as due to its 

similarity to the sinusoidal structure of the Morlet wave-

let family. The analysis yielded complex time–frequency 

resolved wavelet coefficients W(f ,t) revealing the content of 

COP responses in regard to frequency power and phase. In 

addition, the resulting wavelet spectra were averaged over 

time to gain insight into the global power distribution across 

frequencies.

Inter‑trial phase coherence

Phase coherence, in general, constitutes a measure of tem-

poral synchronicity between a set of oscillations. In EEG-

related studies, a phase-lock value to determine synchroni-

zation between two neuroelectric signals was introduced by 

Lachaux et al. (1999) and subsequently led to intertrial phase 

coherence (ITPC) being established as a method to investi-

gate phase synchronicity between trials (Cohen 2014; van 

Diepen and Mazaheri 2018). Analogously, we used the data 

achieved through the wavelet analysis to investigate phase 

relationships of all frequency bands across trials for each 

subject and condition. To calculate the ITPC of the postural 

responses, we divided the absolute value of the mean ampli-

tudes of the wavelet coefficients across trials by the mean 

of absolute values of the amplitudes (1). The numerator is 

phase-sensitive, whereas the denominator is not.

� : phase coherence coefficient, W : wavelet coefficient, f  : 

frequency, t : time, m : trial.

This quotient results in phase coherence coefficients � , a 

measure of relative phase (i.e. phase synchronicity) between 

trials for each frequency band at each point in time. These 

coefficients take a value between 0 (entirely incoherent 

phases) and 1 (entirely coherent phases). Within this con-

text, a high value close to 1 means that on average, trials of 

the same condition (i.e. stimulus frequency) display similar 

phases at the same frequency and point in time ( f  and t in 

(1), respectively).

Statistical analysis—background simulation

In order to verify that a subject’s response is causally linked 

to the stimulus, the response to a given stimulus frequency 

must be tested against a baseline condition or null distri-

bution. As our experimental paradigm lacked an explicit 

baseline, we calculated a null distribution for the wavelet 

and the subsequent phase coherence spectra. For a given 

stimulus frequency, we constructed a bootstrapped data set 

(1)�(f , t) =
�
�⟨W(f , t)⟩m

�
�

⟨�W(f , t)�⟩m

out of the trials from all other conditions; that is, those of 

other stimulus frequencies, which varied across subjects. 

Each other condition that went into the bootstrapping had 

the same number of trials (20) as the tested frequency. A 

true baseline would consist of a scene with a similar degree 

of visual stability/disturbance which does not contain coher-

ent anterior–posterior motion at the tested frequency. In this 

way, if the tested condition was different from such a base-

line, this difference could be attributed to the presence of 

coherent visual motion at the given frequency and not to a 

general disturbance in visually guided postural stabilization 

within the given setup.

Using the bootci function in MATLAB (The MathWorks, 

Inc., Massachusetts, USA), 1000 random trial sets of equal 

size were drawn with replacement and their wavelet and 

ITPC spectra were calculated. This yielded distributions 

of the resulting power and phase-coherence values, respec-

tively, of which 95% confidence intervals could be deter-

mined for each frequency in the COP spectrogram. In this 

way, the resulting distributions of power and phase-coher-

ence values represent a range of average subject behavior 

when the visual scene does not contain the tested frequency. 

This generated a reliable background for responses of each 

individual subject across all frequencies and points in time. 

We considered values of wavelet power or ITPC in the origi-

nal data set that were above the upper 95% border of the 

background to be statistically significant.

To avoid false positives, we applied a correction for 

multiple comparisons according to Guthrie and Buchwald 

(1991). Consecutive samples in the frequency spectra might 

not be statistically independent. Hence, the first-order auto-

correlation of the difference between each response spec-

trum and the respective bootstrapped background was taken 

into account. We acquired the autocorrelation coefficients 

of sections consisting of T = 50 samples which were cen-

tered around each investigated frequency in the respective 

spectrum. These coefficients yielded critical numbers of 

consecutive samples ( n
crit

 ) with a p < 0.05, which needed 

to exceed the background in order for the observed part of 

the spectrum to be considered statistically significant (see 

Guthrie and Buchwald 1991). Eventually, in each case, the 

number of actual samples exceeding the background nsample 

was determined and compared against n
crit

.

Comparison of methods—inter‑subject variability.

To gain insight into further functional characteristics of 

ITPC, we compared the wavelet-based spectral analysis and 

corresponding ITPC according to inter-subject variability. 

For each subject, we averaged the wavelet power and ITPC 

spectra over time and picked the values of the frequency bins 

closest associated with the stimulation frequencies at 0.2 Hz 

and 1.5 Hz, respectively. Subsequently, we investigated the 
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raw as well as mean-normalized distributions of these values 

at both conditions for each of the two methods.

Results

One of the subjects reported vertigo and dizziness during 

the experiment and hence was excluded. We investigated 

subjects’ COP responses to pure sinusoidal anterior–poste-

rior visual oscillations in VR at a low (0.2 Hz) and a high 

frequency (1.5 Hz). Wavelet decomposition of the COP sig-

nals yielded time–frequency resolved power spectra, which 

revealed the extent to which each frequency was present in 

the postural response at each point in time. Subsequently, we 

calculated the time–frequency resolved ITPC, which gave 

insight into how stable the phase of the postural response 

in a given frequency band remained across trials. In order 

to test the significance of the responses for each subject and 

condition, we created a bootstrapped background of average 

frequency content of the COP signals from all the trials that 

did not contain the stimulus frequency of that condition. 

Lastly, since inter-subject comparability marks a significant 

challenge in the field, we compared power and ITPC spec-

tral analyses according to the inter-subject variance of their 

results.

Single subject data

Figures 2 and 3 show sample data of a representative subject 

averaged across 20 trials for each stimulation frequency. For 

visual motion at 0.2 Hz, the wavelet power spectrum yielded 

a clear response in a frequency band around the stimulated 

frequency throughout the length of the trials (Fig.  2a). 

Averaging this power spectrum over time (continuous line) 

resulted in a clear peak at the stimulus frequency, far exceed-

ing the calculated 95% significance threshold (dashed line, 

Fig. 3a). This finding was confirmed in the ITPC spectrum, 

which revealed strong phase synchronicity over the entire 

time course at the same frequency band (Fig. 2c), indicating 

a strong and stable coupling to the presented visual pertur-

bation. This result was also reflected in the time-averaged 

frequency spectrum, at which a clear peak of strong phase 

synchronicity was visible around the stimulus frequency of 

0.2 Hz, clearly above significance threshold (Fig. 3c).

For stimulation at 1.5 Hz, wavelet power only yielded 

weak responses at the frequency band at which visual stimu-

lation took place. The power spectrum was dominated by 

lower frequencies in the range of up to 0.4 Hz. This find-

ing was confirmed in the time-averaged spectrum, where 

there was a small peak around the stimulation frequency, 

but much more dominant power in lower frequencies. Both 

of these findings are in line with existing literature. The 

ITPC-spectrum revealed a clear and stable phase coupling 

between trials around the stimulated frequency, with the low 

frequency noise being reduced. Unexpectedly, a second fre-

quency band of coherent phase became apparent throughout 

nearly the entire duration of visual motion. This frequency 

band was located at about triple the frequency of the visual 

input (centered on f = 4.6 Hz). The time-averaged frequency 

spectrum confirmed this finding, showing a peak at the fre-

quency of visual motion, as well as a second peak at about 

triple the frequency (Fig. 3d). While this characteristic of 

the postural response was found in seven of our nine par-

ticipants, two of them exhibited no significant response to 

the stimulation in both the wavelet power and the ITPC of 

their COP trajectories.

Group data

At the group level (grand average), for stimulation at 

0.2 Hz, power analysis of subjects’ COP trajectory dur-

ing the time of scene movement (45 s) yielded a strong 

response at the presented oscillatory frequency (Fig. 4a). 

There was a clear, ongoing steady-state response through-

out the course of the trial, dominating the spectrum. For 

Fig. 2  Time–frequency resolved spectra of COP signals obtained 

from subject EO, averaged over 20 trials. Black horizontal bars rep-

resent frequency of visual stimulation. a Wavelet power spectrum for 

visual stimulation at 0.2 Hz. b Wavelet power spectrum from visual 

stimulation at 1.5 Hz. c ITPC spectrum from stimulation at 0.2 Hz. d 

ITPC spectrum from stimulation at 1.5 Hz. In contrast to the wavelet 

power spectrum, ITPC revealed strong coherence for stimulation at 

both 0.2 and 1.5 Hz, with an additional frequency band of high phase 

coherence at about triple the frequency of visual stimulation for the 

1.5 Hz condition
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stimulation at 1.5 Hz, a considerably weaker, but still con-

stantly present response was evident in the wavelet spec-

trum (Fig. 4b). However, in line with the single subject 

data (Figs. 2b and 3b), for stimulation at this consider-

ably higher frequency the COP trajectory in general shows 

very strong additional oscillations at the lower end of the 

spectrum up to about 0.4 Hz. These dominate the overall 

spectrum as low-frequency noise, and can be attributed 

to naturally occurring body sway (e.g. Singh et al. 2012). 

ITPC analysis revealed a clearly visible phase synchronic-

ity between trials at both frequency bands at which visual 

stimulation occurred. For stimulation at 0.2 Hz, the spec-

trum yielded a phase coherence between trials only at that 

frequency band (Fig. 4c), being in line with the result in 

the power spectrum (Fig. 4a). For stimulation at 1.5 Hz, 

the ITPC spectrum also revealed a strong phase coherence 

around the stimulation frequency throughout the course of 

the visual movement (Fig. 4d). As opposed to the results 

in the power spectrum (Fig. 4b), the low frequency noise 

was not apparent in the ITPC spectrum. Analogous to the 

single subject data (Figs. 2d, 3d), phase coherence at a 

second frequency band became apparent, almost through-

out the entire length of the trials. This phase coherence 

occurred at about triple the fequency of visual motion, 

i.e. at about 4.5 Hz.

Time-averaging of the power and coherence spectra 

allowed us to quantitatively analyze power and ITPC coef-

ficients across frequencies for each condition. The results are 

shown in Fig. 5. In order to correct for multiple comparisons, 

we calculated the critical number of consecutive samples to 

exceed the background for each condition and method and 

compared it to the actual number of samples yielded by the 

spectra (Guthrie and Buchwald 1991). Due to the high auto-

correlation of the spectra, the significance threshold turned 

out to be n
crit

 = 9 in all cases (see “Methods” for details). For 

stimulation at 0.2 Hz, the global power spectrum revealed 

a clear peak at the frequency at which visual stimulation 

occurred. The response far exceeded the significance thresh-

old ( nsample=12) (Fig. 5a). Plotting time-averaged ITPC 

against frequency for the same stimulation also revealed a 

strong single peak of phase synchronicity at the frequency 

band of visual oscillation, which clearly exceeded the sig-

nificance threshold ( nsample=12) (Fig. 5c). For stimulation at 

1.5 Hz, the global power spectrum revealed a distinct, albeit 

small peak at the stimulus frequency. General power of the 

noise at lower frequencies dominated the spectrum. Only 

Fig.3  Time-averaged (global) spectra of COP-signals obtained from 

subject EO. Blue lines indicate mean response over 20 trials. Orange 

dotted lines represent the calculated upper 95% confidence interval of 

the bootstrapped background. Black vertical bars represent frequency 

of visual stimulation. a Global wavelet power spectrum for visual 

stimulation at 0.2 Hz. b Global wavelet power spectrum from visual 

stimulation at 1.5  Hz. c Global ITPC spectrum from stimulation at 

0.2 Hz. d Global ITPC spectrum from stimulation at 1.5 Hz. All spec-

tra show significant responses at the respective stimulus frequency, 

with ITPC revealing a second significant peak at around 4.5 Hz for 

stimulation at the high frequency. The remaining frequencies that 

went into the null distribution for this subject were 0.7 Hz, 1.3 Hz and 

1.6 Hz

Fig. 4  Time–frequency resolved wavelet power and ITPC spectra on 

group level (n = 9). a Averaged wavelet power spectrum of the COP 

signals for visual stimulation at 0.2  Hz. b Averaged wavelet power 

spectrum from visual stimulation at 1.5 Hz. c Averaged ITPC spec-

trum from stimulation at 0.2  Hz. d Average ITPC spectrum from 

stimulation at 1.5 Hz. For stimulation at 1.5 Hz, the resulting ITPC 

spectrum shows strong synchronicity between trials at the stimulation 

frequency, eradicating all low-frequency noise presence in the power 

spectrum, while also revealing a second frequency band of constant 

phase synchronicity at around triple the frequency of visual stimula-

tion
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power in the range of the stimulus frequency exceeded the 

upper boundary of the background and reached statistical 

significance ( nsample=9) (Fig. 5b). Time-averaged ITPC at 

the higher frequency revealed a strong single peak of phase 

synchronicity at the frequency band of visual oscillation 

which again clearly exceeded the significance threshold 

( nsample=11). Unexpectedly, as could already be seen in the 

time-resolved spectrum (Fig. 4d), a second significant phase 

coupling at around 4.5 Hz emerged ( nsample=16) (Fig. 5d).

Comparison of methods

At the group level, subjects showed a significant response 

in their body sway to the oscillatory stimulus in the respec-

tive frequency band for both low and high frequency condi-

tions. However, responses to the high frequency were weak 

(Figs. 4b, 5b) and varied strongly between subjects. On the 

contrary, we found seven out of nine subjects to exhibit a 

reliable phase coherence in the frequency band around the 

presented frequency, as opposed to only two subjects when 

considering frequency power.

Figure 6 shows the distribution of responses across sub-

jects. In the resulting spectra, the average values across 

time for both methods of analysis were determined for 

each subject and condition. Since power and ITPC differ 

in their absolute values, both distributions were normalized 

by dividing them by their respective mean. This resulted 

in higher comparability with each distribution having the 

same relative spread as prior to normalization. Responses 

at the higher control frequency of 1.5 Hz were generally 

more precise than responses to oscillation at 0.2 Hz, as they 

showed less variance. This is mainly due to the logarithmic 

frequency-scaling of the used wavelet analysis, which results 

in a naturally lower resolution for higher frequencies. ITPC 

analysis showed less variance in both frequency bands when 

compared to pure wavelet power. Figure 7 shows the raw 

values of the same average responses for both conditions 

for every subject as well as the mean across subjects. The 

left panel shows the average values for the wavelet power 

of subjects’ responses to both visual stimulations. As could 

already be seen in Fig. 6, variability of responses was high, 

especially at low frequency stimulation. Also in accordance 

to Fig. 6, the values for stimulation at 1.5 Hz showed less 

variance, due to the logarithmic frequency resolution of the 

analysis, as explained above. Responses for the high fre-

quency stimulation, however, were considerably smaller than 

for the low frequency stimulation (Wilcoxon rank sum test, 

p < 0.0005). In contrast, ITPC values were not significantly 

different for the two stimulation frequencies (Wilcoxon rank 

sum test: p = 0.3401).

Results based on classic FFT decomposition

As explained in our methods (Data analysis), we used 

time-resolved wavelet decomposition to obtain the fre-

quency-representation of our data on which we performed 

the subsequent ITPC analysis. To illustrate the potential 

problems associated with a rather classic Fourier-based 

Fig. 5  Group results for time-averaged (global) wavelet power and 

ITPC spectra of the obtained COP signals. Blue lines indicate mean 

across subjects with shaded areas representing standard error. Orange 

transparent lines show mean upper 95% confidence boundary of the 

bootstrapped background. Black vertical bars indicate frequency of 

visual stimulation. a Global wavelet power for visual stimulation at 

0.2  Hz. b Global wavelet power of stimulation at 1.5  Hz. c Global 

ITPC for stimulation at 0.2  Hz. d Global ITPC for stimulation at 

1.5 Hz. All spectra show a significant response at the respective stim-

ulus frequency. For stimulation at 1.5 Hz, ITPC reveals an additional 

significant phase coupling at around triple the frequency, the black 

dotted line indicates the frequency value of 4.5 Hz

Fig. 6  Distribution of mean responses across subjects for both con-

ditions and methods of analysis shown as boxplots. For comparison, 

results were normalized according to their mean. ITPC shows less 

variance in responses across subjects than classic wavelet-power anal-

ysis for both visual frequencies
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decomposition, we also calculated the FFT spectra of sub-

jects’ COP trajectories and performed our ITPC analysis 

on those. The results can be seen in Figs. 8 (single subject) 

and 9 (group data). First of all, visual inspection of the FFT 

decomposition confirms the findings of our time-averaged 

wavelet analyses (Figs. 3 and 5), as the frequency spectra 

reveal high power in the responses at both stimulated fre-

quencies. In the data obtained from subject EO, there are 

clearly visible artifacts in the ITPC spectra, especially in the 

bootstrapped background. These consist of a drift with con-

stant high power in the lower frequencies as well as substan-

tial noise in the higher frequencies (Fig. 8c,d). For the group 

data, we performed significance testing with correction for 

multiple comparisons analogous to the wavelet-based spec-

tra. Since the FFT-based spectra had a low auto-correlation, 

the critical number of consecutive samples to exceed the 

95% confidence background was lower than for the wavelets. 

The threshold n
crit

 was 4 for all measures except for ITPC 

Fig. 7  Time-averaged values of wavelet power (left panel) and ITPC 

(right panel) for both visual conditions. Average values of single 

subjects across trials in colors, mean across subjects in black. Wave-

let power reveals a clear discrepancy in the strength of responses 

between conditions with significantly weaker responses at the high 

frequency (p < 0.0005). ITPC responses were not significantly differ-

ent between the two stimulus frequencies (p = 0.3401)

Fig. 8  FFT-based spectra obtained from subject EO. Blue lines indi-

cate mean response over 20 trials. Orange dotted lines represent the 

calculated upper 95% confidence interval of the bootstrapped back-

ground. a FFT power spectrum for visual stimulation at 0.2  Hz. b 

FFT power spectrum from visual stimulation at 1.5 Hz. c FFT-based 

ITPC spectrum from stimulation at 0.2 Hz. d FFT-based ITPC spec-

trum from stimulation at 1.5  Hz. The spectra reveal the artifacts 

resulting from FFT decomposition, particularly in the bootstrapped 

background of ITPC. These include a drift in low frequencies and 

substantial noise in higher frequencies (c, d)

Fig. 9  Group results for FFT-based power and ITPC spectra of the 

obtained COP signals. Blue lines indicate mean across subjects with 

shaded areas representing standard error. Orange transparent lines 

show mean upper 95% confidence boundary of the bootstrapped 

background. a FFT power for visual stimulation at 0.2  Hz. b FFT 

power of stimulation at 1.5 Hz. c FFT-based ITPC for stimulation at 

0.2 Hz. d FFT-based ITPC for stimulation at 1.5 Hz
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at 4.5 Hz, where n
crit

 was 3. For stimulation at 0.2 Hz, the 

clearly visible peaks in the power and ITPC spectra both 

reached significance level ( nsample=4) (Fig. 9a, c). For stimu-

lation at 1.5 Hz, the small but distinct peak in the power 

spectrum (Fig. 9b) was also significant in regard to multiple 

comparisons ( nsample=4). For ITPC at 1.5 Hz, the peak at 

the stimulus frequency and its triple at 4.5 Hz were clearly 

visible in the spectrum (Fig. 9d). However, both of them did 

not reach significance level when tested for multiple com-

parisons ( nsample =3 and 2, respectively).

Discussion

We observed visually evoked postural responses (VEPRs) 

coupled to sinusoidal moving room-perturbations in VR, 

consistent with preceding studies employing real world (Lee 

and Lishman 1975; Peterka and Benolken 1995; Loughlin 

and Redfern 2001; Redfern et al. 2007; Cruz et al. 2018) 

and virtual (Dijkstra et al. 1994; Kuno et al. 1999; Kesh-

ner and Kenyon 2000; Oie et al. 2002; Sparto et al. 2004; 

Musolino et al. 2006; Scholz et al. 2012; Hanssens et al. 

2013) stimulation. Especially with stimulation at 0.2 Hz, 

subjects exhibited a steady-state response in the trajectory 

of their COP containing high power in the frequency regime 

of the stimulus, which is estimated to be around the mean 

eigenfrequency of the postural system (Dijkstra et al. 1994). 

Responses to frequencies above about 0.3–0.5 Hz have been 

shown to decline strongly in power (Lestienne et al. 1977; 

van Asten et al. 1988b). Thus, the stimulus in most previous 

studies has not exceeded these frequencies. A few studies 

which did use higher frequencies in their stimuli confirmed 

expected weak responses (e.g. Oida et al. 1995; Peterka 

2002). In agreement with these findings, our stimulation at 

1.5 Hz elicited responses about five times lower in power 

than stimulation at 0.2 Hz (Figs. 4 and 5). Weaker responses 

can originate firstly due to biomechanical constraints that 

prevent the entire human body to sway at the higher fre-

quency, if modeled as a one-segment inverted pendulum 

around the ankle joint (Jeka et al. 1998; Peterka 2002). Sec-

ondly, if the amplitude across frequencies is held constant, 

as it was in our study, visual motion at higher frequencies 

automatically implies higher velocities of the visual scene, 

i.e. optic flow on the retina. When these velocities exceed 

a threshold, the illusory percept of self-motion decreases, 

as the visual system no longer attributes the movement to 

self-motion (Jeka et al. 1998; Kuno et al. 1999; Barela et al. 

2009; Dokka et al. 2010; Day et al. 2016). Similar saturation 

occurs when the amplitude is increased, while keeping the 

frequency constant, which also increases optic flow velocity 

(Dijkstra et al 1994; Peterka 2002).

Our subjects exhibited responses even to visual stimula-

tion at 1.5 Hz, which were small in power (Fig. 4b), but 

still significant in the time-averaged power spectra (Fig. 5b). 

Moreover, responses to the high-frequency visual stimulus 

were highly prominent in the inter-trial phase coherence in 

both the time-resolved and global spectra (Figs. 4d and 5d). 

The presence of a response at this high frequency could be 

explained by more recent models viewing the human body as 

a multi-link-pendulum (Hsu et al. 2007; Dokka et al. 2009; 

Scholz et al. 2012; Reimann and Schöner 2017). According 

to Creath et al. (2005), this includes co-existing excitable 

modes attributed to various joints of the body. These entail 

varying amounts of power, depending on biomechanical, 

environmental and task constraints. Thus, there are postural 

strategies present during upright standing which respond to 

high-frequency oscillations. ITPC analysis seems to reli-

ably detect these low-power responses in the trajectory 

of the COP. This calls for further experiments that use an 

analogous paradigm with comparably high frequencies, 

where not only COP but further body segments are tracked 

simultaneously.

The stimulus was the only temporal reference across tri-

als. Thus, phase coherence can be interpreted as a response 

coupled, and therefore causally linked, to the respective 

stimulus. Even when subjects showed comparably weak 

power at the stimulated frequency, they nevertheless had a 

strong phase coherence. This discrepancy between power 

and phase coherence was especially present in trials with 

high frequency stimulation (Figs. 4b, d and 5b, d). Even 

when the COP swayed considerably little, it seems to have 

phase-locked to the visual stimulation in a manner that was 

highly stable across trials.

In addition, it is noteworthy to mention that in all cases 

we analyzed raw, unfiltered COP data. As can be seen in the 

responses to the stimulation at 1.5 Hz, the prevalent low-

frequency noise present in the wavelet power spectra disap-

peared when the data underwent phase coherence analysis 

(Figs. 4d, 5d). This low-frequency noise most likely reflects 

the frequency content of unperturbed quiet stance (van Asten 

et al. 1988b; Singh et al. 2012; Yamamoto et al. 2015) and 

does not show in the ITPC spectra. In this regard, ITPC 

seems to represent a filter for coupling of postural sway to 

a visual drive. Even though the experimental design started 

each trial at the same phase of the oscillation, the phase 

coherence between trials was stable throughout the 45 s of 

visual motion, which is equivalent to at least nine cycles of 

the oscillation at the lowest presented frequency of 0.2 Hz. 

This is why an effect of motion onset can be considered 

neglectable. In addition, during quiet stance, humans exhibit 

naturally occurring body sway, a stochastic process contain-

ing a range of frequencies (Maurer and Peterka 2005; Yama-

moto et al. 2015), which means that even when the stimulus 

started at the same phase in each trial, the subject’s cur-

rent postural state at motion onset was random. This marks 

another reason why the constant phase onset was unlikely to 
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be a prevalent factor for the stable phase coherence, but that 

it must have been due to a coupling of COP to the constant 

sinusoidal visual input. If COP as being related to COM is 

considered the main variable controlled by the central nerv-

ous system (CNS) to maintain balance, this phase locking 

represents a dynamic equilibrium (Horak and Macpherson 

1996).

A high inter-subject variability regarding frequency 

power has repeatedly been reported in the literature (Dijkstra 

et al. 1994; Kay and Warren 2001; Sparto et al. 2004; Mah-

boobin et al. 2005). All in all, comparison of the two meth-

ods used in our analyses proved ITPC to be a more stable 

measure regarding inter-subject variabilty, and even across 

frequency (Figs. 6 and 7). To enhance understanding of how 

balance control is achieved and structured within the human 

body, it would be of interest to know whether other segments 

of the body exhibited a phase coherence between trials. As 

opposed to COM/COP as global variable, this could reveal 

further insight into possible synergies and multi-joint coor-

dination (Latash 2014; Reimann and Schöner 2017).

The second peak occurring in the ITPC spectrum of the 

COP when stimulated with 1.5 Hz, which was present at the 

single subject level as well as in the group data (Figs. 2, 3, 

4, 5d), marks another intriguing finding of our study. Within 

the precision of wavelet analysis, inspection of data from 

all subjects confirmed it to be triple the frequency of visual 

stimulation. The synchronicity at this unexpected high fre-

quency can be explained by a harmonic component in the 

response of subjects’ COP. The observed body sway was 

not perfectly sinusoidal, in contrast to the predictions of a 

single-link inverted-pendulum (Winter 1995). More specifi-

ally, the observed COP trajectory was flattened at the turn-

ing points as compared to a pure sinusoidal oscillation of 

that frequency (Fig. 10). This could be attributed to internal 

dynamics in sensorimotor processing and action control, as 

well as biomechanical constraints such as inertia and time 

needed for generation of muscle torque. Given the predicta-

bility of our stimulus, subjects might have learned the move-

ments pattern after a few cycles and adjusted their postural 

response accordingly. At the same time, turning points of 

an oscillation are those parts of the trajectory requiring the 

largest counteracting acceleration and thereby force. Sub-

jects simply might not have been able to excert that force. 

Remarkably, wavelet analysis revealed an additional high 

frequency component in subjects’ body sway. This compo-

nent was more evident in the coherence analysis, due to its 

phase synchronicity with the general response, resulting in 

the strong, well observable peak (Fig. 5d). In addition, and 

in line with this explanation, the high frequency component 

seems to increase with increasing frequency.

To simulate such a flattened out sinusoidal, we cre-

ated a sinewave at 1.5 Hz superimposed by another sin-

ewave at 4.5 Hz with an amplitude ratio of 10:1. We added 

randomized pink-noise and ran 20 simulations (i.e. trials), 

on which we performed our wavelet power and ITPC analy-

ses. The simulated signals had the same length (45 s) and 

sample rate (50 Hz) as our collected data. The results of 

the simulations are shown in Fig. 10. Superposition of the 

two sinewaves yielded the predicted flattened out oscillation 

(Fig. 10b, red curve) when compared to a pure sinusoidal 

oscillation (Fig. 10a, red curve). ITPC of the superimposed 

signals yielded spectra highly similar to those obtained by 

our real data (Figs. 5d, 10b). Accordingly, adding a postural 

sway component of triple the stimulus frequency in a phase 

contingent manner results in the observed COP trajectory. 

We assume that subjects did not add this component inten-

tionally. Instead, it appears automatically. If this reflexive 

response is only due to biomechanical constraints or aspects 

of sensory-motor processing like response delay etc., cannot 

be answered from our dataset. Instead, further studies are 

required to answer this intriguing question.

Across subjects, our analysis was based on two different 

stimulus frequencies, both at the far ends of the spectrum 

of frequencies to be considered for human postural sway. It 

needs to be further investigated in which range of frequen-

cies inter-trial phase coherence remains a stable measure 

for postural responses, for COP as well as for additional 

Fig. 10  Upper panel a: excerpt of a simulated sinewave at 1.5 Hz (red 

curve) and added pink-noise (black curve). Lower panel b: excerpt of 

a simulated sinewave consisting of oscillatory components at 1.5 Hz 

and 4.5  Hz with an amplitude ratio of 10:1 (red curve), including 

added pink-noise (black curve). Panels to the right show time-aver-

aged wavelet power and ITPC spectra of the whole simulated sin-

ewaves (including noise), respectively. Red solid lines represent the 

main frequency component at 1.5 Hz. Red dashed lines represent the 

superimposed oscillatory component at 4.5 Hz
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body segments. Even though additional frequencies have 

been employed in the experiment, and analysis of those 

confirmed our general findings, these frequencies were not 

the same across subjects and thus could not be included 

in our group analysis. As mentioned above, investigation 

of the additional frequencies suggests an increase in ITPC 

of the second peak with increasing frequency. However, 

further experiments are required to strengthen this point.

We tested the responses resulting from both methods of 

analysis according to their significance based on a boot-

strapped background which we created for each subject 

(see “Methods”). As the remaining three frequencies pre-

sented to the subjects were determined individually, each 

resulting background was biased towards responses to 

visual stimulations at different frequencies (Fig. 3). How-

ever, in most cases, the remaining frequencies used for 

the null distribution were sufficiently far from the two fre-

quencies investigated. In addition, averaging over subjects 

diminished these individual biases (Fig. 5). As mentioned 

in our Methods section, an actual baseline in the form of 

a separate experimental condition would be preferable in 

future studies. If we were to investigate into ITPC only, 

an ideal baseline condition consisted of each individual 

sphere oscillating in the anterior–posterior direction at the 

same frequency, but with a different phase onset, thus not 

allowing for coherent coupling to an omnipresent phase. 

This approach would provide us with a justified and unbi-

ased background, which is comparable across subjects.

We preferred to use wavelet-based frequency spectra 

for our subsequent ITPC analysis over classic FFT decom-

position as described in our methods (Data analysis) and 

confirmed by our findings (Results based on classic FFT 

decomposition). The most apparent advantage of using 

wavelets is their additional temporal resolution, which 

allows for insight into how the spectra evolve over time. 

This is particularly interesting, and even necessary, for the 

newly introduced ITPC when using more complex para-

digms in which stimulation is not constant over time (e.g. 

a single stimulus frequency during a whole trial) but rather 

includes frequency and phase shifts. In addition, even in 

the context of our time-invariant paradigm, FFT decompo-

sition of the signals led to the predicted artifacts in ITPC, 

in particular at the single-subject level, where results were 

hardly interpretable (Fig. 8c, d). A constantly high ITPC 

resulting from slow drifts in the signal might overshadow 

actual responses at lower frequencies. At higher frequen-

cies, the ITPC background consisted of substantial noise 

covering the whole range of possible ITPC values, result-

ing from a myriad of high-frequency sinewaves the FFT 

required in order to fit the data. The wavelet spectra were 

better behaved and all peaks in the power and ITPC spectra 

based on wavelet decomposition yielded significant results 

when tested for multiple comparisons. Taken together, 

these factors favor wavelet-based frequency decomposition 

over a rather classical Fourier transform when performing 

subsequent ITPC analysis.

Conclusion

In our study, we investigated the influence of oscillatory 

visual perturbations on postural sway by measuring COP 

trajectories and analyzing frequency content according to 

established and novel methods. In addition, we introduced 

a bootstrapping approach to identify statistically signifi-

cant coupling of body sway and the stimulus. The stimuli 

presented in VR elicited postural responses in almost all 

subjects at each of the presented frequencies. Even when 

responses at the respective frequency bands were weak, test-

ing against the bootstrapped background showed them to 

be significantly correlated with the stimulus. ITPC revealed 

coupling to stimulation even at considerably high frequen-

cies above 1 Hz. In addition, coupling to the visual drive in 

a second frequency band emerged, at about three times the 

frequency of stimulation. All in all, inter-trial phase coher-

ence proved to be a reliable measure to investigate coupling 

of COP to oscillatory visual drive, potentially allowing for 

novel insight in the field of human visuomotor control.
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A B S T R A C T   

Background: It has been shown that humans adapt their postural sway to oscillatory, visually simulated self- 
motion. However, little is still known about the way individual body segments contribute to this adjustment 
of body sway and how this contribution varies with different environmental conditions. 
Research question: How do the centre of pressure (COP) and individual body segments phase-lock to a sinusoidal 
visual drive depending on the frequency of stimulation? 
Methods: In this study, we introduce phase coupling as a method for assessing full body motion in response to 
visual stimuli presented in virtual reality (VR). 12 participants (mean age: 31 ± 9 years) stood inside a virtual 
tunnel which oscillated sinusoidally in the anterior-posterior direction at a frequency of 0.2 Hz, 0.8 Hz or 1.2 Hz. 
Primary outcome measures were the trajectories of their COP as well as of 25 body segments obtained by a 
motion tracking system. 
Results: Subjects significantly coupled the phase of their COP and body segments to the visual drive. Our analysis 
yielded significant phase coupling of the COP to the stimulus for all tested frequencies. The phase coupling of 
body segments revealed a shift in postural response as a function of frequency. At the low frequency of 0.2 Hz, we 
found strong and significant phase coupling homogeneously distributed across the body. At the higher fre-
quencies of 0.8 Hz and 1.2 Hz, however, overall phase coupling became weaker and was centred around the 
lower torso and hip segments. 
Significance: Information on how the visual percept of self-motion affects balance control is crucial for under-
standing visuomotor processing in health and disease. Our setup and methods constitute a reliable tool for 
assessing perturbed balance control, which can be utilized in future clinical trials.   

1. Introduction 

Human upright stance requires continuous, dynamic neuro-muscular 
control and involves a multitude of interdependent processes [1–3]. In 
order to maintain our upright posture and to prevent falls, we aim at 
keeping our centre of mass (COM) within the area of stability provided 
by our current body arrangement and intended motion [2–6]. Since the 
human body constitutes a complex mass distribution, controlling the 
position of our COM must be orchestrated by a plethora of simultaneous 
mechanisms [7,8]. An important goal of sensorimotor research is to 
understand how the sensorimotor system achieves coordination in 
changing environments and how these adaptive processes might be 
affected e.g. by neurological impairments [4]. 

The most common measure of body sway is the COP, typically 
measured with a force plate, and found to be strongly correlated with the 
COM [9–11]. However, COP only reflects one outcome variable and 
lacks key information about coordination within the body. In fact, it has 
been shown that during perturbations, postural strategies can shift, 
depending on frequency, velocity and magnitude of the perturbation 
[12–15]. Many body segments form synergies, and movement of single 
segments and their contribution to movement of the COM varies, but 
more recent research suggests a continuous active coordination of 
multiple segments all across the body [6,8,16,17]. 

An approach that has proven to be useful is to model human body 
sway as a single-link inverted pendulum, with a single degree of freedom 
at the ankle joint [2,9]. However, due to the assumed stiffness of the 
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upper body and the accompanying inertia, this model is biomechani-
cally constrained to small amplitudes and low frequencies of body sway 
[4,18]. Thus, in accordance with findings mentioned above, more 
complex models describe human postural sway with a multi-link 
pendulum, consisting of two or more segments [1,6,7,12,13,16]. 

For investigation of perturbed balance control, periodical visual 
stimuli have proven to be a key tool, as they induce a predictable, 
steady-state compensation of body sway to movement of the visual 
scenery [6,19,20]. Recent technologies like head-mounted virtual re-
ality (VR) devices allow for a convenient way to investigate perturbed 
quiet standing [20]. In addition, cost-effective devices like the Nintendo 
Wii Balance Board (WBB) and markerless motion-tracking devices such 
as the Microsoft Kinect allow for suitable full-body motion tracking 
within the utilized paradigms and have been validated in previous work 
[21,22]. 

The aim of this study was to investigate phase coupling of COP and 
individual body segments to an oscillatory visual drive. This will provide 
further insight into how coordination of body segments leads to stable 
balance control. We hypothesized (1) that subjects couple the phase of 
their body sway, expressed in their COP and body segments, to an 
oscillatory movement of the visual scenery and furthermore, that (2) this 
phase coupling reveals a shift in body segment-coordination depending 
on the frequency of the visual drive. 

2. Methods 

2.1. Participants 

Twelve healthy participants (22–41 years, mean = 31 ± 6 years; 9 
males, 3 females) with normal or corrected to normal vision and without 
any known orthopaedic, musculoskeletal or neurological impairments 
participated in the study. This number of participants was sufficient, as 
power analyses of our final effect sizes yielded a required total sample 
size of 7. All subjects gave written informed consent prior to the 
experiment, including with regard to the storage and processing of their 
data. All experimental procedures were approved by the Monash Uni-
versity Human Research Ethics Committee (17956) and were conducted 
in accordance with the National Statement on Ethical Conduct in Human 
Research. All research was conducted according to the Declaration of 
Helsinki. 

2.2. Experimental setup and stimulus 

Visual stimuli were presented using an HTC Vive (HTC, New Taipei 
City, Taiwan; Frame rate: 90 Hz) head mounted display (HMD), with a 
field of view spanning the central 110◦ in both vertical and horizontal 
directions. Subjects stood on a WBB (Nintendo, Kyoto, Japan) to mea-
sure their COP during trials. We used a Microsoft Kinect v2 (Microsoft, 
Redmond, WA, USA) to track the 25 ‘body joints’ provided by the Kin-
ect’s internal skeleton model in 3-D. These largely reflect actual joints of 
the human skeleton but are also situated at essential positions like the 
centre of the head, spine and feet (for details see [22]). The Kinect sensor 
was located at a distance of 210 cm in front of subjects and the WBB, at a 
height of 140 cm. Subjects, wearing no shoes, were asked to stand 
relaxed with their feet about hip width apart and parallel on the surface 
of the WBB. Their arms were to hang loosely at the side of their body, 
and they were instructed to maintain their gaze straight ahead. For 
safety reasons, participants wore a harness throughout the experiment, 
but we ensured it was not providing lift. The stimulus was created using 
a custom-built 3-D virtual environment based on the Python pyopenvr 
framework in OpenGL. It consisted of a 3-D tunnel comprised of black 
spheres (GLPoint_size = 1000 at zero distance, density = 50 per unit 
cube). The spheres were randomly distributed along the walls of the 
tunnel, while their size was scaling linearly with distance. The tunnel 
was world-fixed, situated in an otherwise grey isotropic infinite space 
with the origin at the observer’s head. It stretched into the 

anterior-posterior direction of the participants, facing towards the Kin-
ect. The length of the tunnel was 50 m, thus spanning 25 m into the 
direction of gaze. The radius of the tunnel was individually adjusted to 
each participant’s eye level to simulate that their feet were standing on 
the ground. A fixation dot (GLPoint_size = 5) was set to the user’s eye 
level at a distance of 24 m at the end of the tunnel. 

2.3. Experimental paradigm 

The paradigm consisted of three movement conditions, during which 
the tunnel moved sinusoidally in the anterior-posterior direction at 
distinct frequencies of 0.2 Hz, 0.8 Hz and 1.2 Hz. The amplitude of the 
oscillation was scaled with the inverse frequency to keep the speed of the 
simulated self-motion constant and avoid velocity effects [15,19]. The 
initial amplitude was set to an equivalent of 1 cm, to be slightly above 
detection threshold for the highest frequency. In addition, there was a 
baseline condition during which the tunnel remained static throughout 
the duration of the trial. 

Each subject performed 10 trials per condition. Succession of con-
ditions was pseudorandomly shuffled. Periods between trials, in which 
the tunnel remained static, were indicated by a red fixation dot. During 
these periods, subjects could stretch and rest if they needed. All trials 
were recorded in a single session. To prevent fatigue, we arranged for at 
least two large breaks. 

The beginning of each trial was indicated by the fixation dot turning 
white. From this point, participants stood as instructed and fixated. We 
implemented an additional counting task including colour flips of the 
fixation dot, to keep participants fixating and their peripheral visual 
field stable [23,24]. During each movement trial, the tunnel first 
remained static for 5−8 s (randomized) and then oscillated for 30 s at 
the respective frequency with a randomized starting phase. The move-
ment of the tunnel was followed by another 5 s when it remained static 
to provide the subjects with relaxation time (Fig. 1). 

2.4. Data analysis and statistics 

We used custom-made Python code for initial raw data recording and 
storage. All subsequent data processing and analyses were performed in 
MATLAB (The MathWorks, Inc., Natick, USA. Since both devices have 
inconsistent internal sampling rates (WBB: set at around 100 Hz, Kinect: 
native at around 30 Hz, [21,22]), we recorded all data points with 
computer-referenced timestamps and resampled the data obtained from 
the Kinect and the WBB at 50 Hz using a Gaussian moving average filter 
with a symmetric window (sigma = 1/60 s). No additional filtering was 
applied to the raw data. For all further analyses, we used the 
time-courses of the COP and the 3-D body segments (see 2.2. – Experi-
mental Setup and Stimulus) which corresponded to body sway along the 
anterior-posterior direction. We z-transformed these time courses to 
have each participant’s position and orientation as reference frame. To 
investigate phase coupling of the bodily responses to the stimuli, we 
used phase-locking analyses adopted from EEG-studies [25,26]. We 
performed a continuous complex wavelet decomposition on the 
single-trial time data, using the cwt function in MATLAB. This provided 
us with time-resolved frequency signals, which are essential to the 
subsequent PLV analysis. Generalized Morse wavelets (gamma = 3, 10 
voices per octave) were used and the complex wavelet spectra were 
phase-corrected for the randomized phase onset of each trial. To avoid 
edge artifacts, only wavelet coefficients that were inside the cone of 
influence were considered. Wavelet frequency limits were chosen 
separately for each condition to match the discrete frequency bins of the 
resulting spectra with the exact stimulus frequencies. We normalized the 
wavelet coefficients to have a magnitude of one and subtracted the 
phase of a continuous sinewave at each respective frequency. At the 
three stimulus-frequencies (conditions), these sinewaves represented 
the time-course of the stimulus and the subtraction thus constituted the 
phase difference between the responses and the visual stimuli (Eq. 1): 
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δj(t, fk) =
Wj(t, fk)

ei2πfk t
(1)  

δj: normalized complex coefficients with relative phase to the stimulus at 
j -th trial and k -th condition, Wj: normalized wavelet coefficients, fk: 
frequency at condition k, t: time point 

Out of the newly acquired coefficients, the phase-locking values 
(PLV) were calculated [25,26]: 

Φ(fk) =
1

T

1

N

∑

T

j=1

∑

N

i=i

δj

(

ti,j, fk

) (2)  

PLV(fk) = |Φ(fk)| (3)  

PLV: Phase-Locking Value, N: number of time points, T: number of trials 
δj
(t, fk

) are vectors on a polar plane with a magnitude of one, with 
the relative phase angle determining the direction of each vector. Eq. (2) 
averages all of these vectors. The more similar the direction of the 
vectors, the greater the magnitude of the resulting average vector. PLV 
represents the magnitude of the resulting vector (Eq. 3) at each fre-
quency and ranges from 0 (entirely inconsistent relative phase, uni-
formly distributed vectors) to 1 (entirely consistent relative phase, all 
vectors point into the same direction). Phase-locking thus reflects con-
sistency of the phase between the stimulus and the bodily response over 
time, across trials. For the stimulus frequencies, the angle of the 
resulting vector obtained from Eq. 2 yielded the average relative phase 
between the responses and each stimulus. 

We performed paired t-tests (in case of COP data, with Bonferroni 
correction) to test phase coupling for significance. For this purpose, the 
PLV at each stimulus frequency was tested against the corresponding 
spectrum of the baseline condition, where p-values < 0.05 were 
considered significant. For single subject data, we performed a bootstrap 
procedure in which we sampled 1000 trial means from the baseline 
condition with replacement and used the observed distribution to assess 
the likelihood of an observed trial mean under the null hypothesis. 

Body plots (Figs. 4 and 5) were created using the fieldtrip toolbox 
(fieldtriptoolbox.org) along with a custom body scheme (modified from: 
MenschSDermatome by Uwe Thormann (Licensed under CC BY-SA 3.0). 
BrewerColormaps [27] were used for visual representation of PLVs and 
phasemap [28] was used for representation of phase angles. 

3. Results 

3.1. Centre of pressure 

Group-average PLV-spectra obtained from the COP time courses for 
each of the four conditions are shown in Fig. 2. For every sinusoidal 
movement condition (Panels a–c), there is a clearly visible peak at the 
respective frequency of stimulation, revealing a strong general phase 
coupling of the COP to the visual drive across time points and trials. The 
baseline condition (red), at which the tunnel remained static, did not 
show any clear peaks, as expected. For each condition, phase coupling at 
the stimulus frequency was significant (all p < 0.0005, corrected). Fig. 3 
shows the average phase vectors – indicating the phase difference be-
tween the COP signal and the stimulus - at the respective frequency bin 
for each stimulation frequency (Eq. 2) for every subject (black), as well 
as the group mean (red). Here, the length of the group vector represents 
the average of the complex coefficients across subjects, not just their 

Fig. 1. Experimental setup and paradigm. Subjects stood on a WBB to track their COP. Their body motion was captured using a Microsoft Kinect. They wore a VR 
headset which simulated them standing inside a tunnel. In each trial, after a static period chosen randomly to last 5 to 8 s, the tunnel oscillated in the anterior- 
posterior direction for 30 s at one of three frequencies, after which it remained static for an additional 5 s. For details see Methods. 

Fig. 2. Phase coupling-spectra obtained from COP data. Black solid lines 
indicate mean across subjects (n = 12), with grey shaded areas indicating SEM. 
Analogously, red graphs represent corresponding spectra of the baseline con-
dition with the respective wavelet parameters at each condition. Panel a: 
Stimulation at 0.2 Hz. Panel b: Stimulation at 0.8 Hz. Panel c: Stimulation at 
1.2 Hz. (For interpretation of the references to colour in the Figure, the reader is 
referred to the web version of this article). 
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absolutes, which also makes it sensitive to phase similarity between 
subjects. Stimulation at 0.2 Hz led to an average phase offset of 56.8 
degrees (0.99 rad), stimulation at 0.8 Hz to an offset of 272.1 degrees 
(4.75 rad) and stimulation at 1.2 Hz led to a phase offset of 205.0 de-
grees (3.58 rad). 

3.2. Body segments 

To gain insight into how phase coupling was distributed across the 
body, we investigated the PLV and respective relative phase angles ob-
tained from the wavelet spectra of each recorded body segment, anal-
ogous to the COP data. Fig. 4 shows the results of three representative 

Fig. 3. Complex phase coupling-coefficients represented as arrows on a polar plot. Length of the arrows represents absolute PLV, direction of arrows represents phase 
offset to the stimulus. Black arrows indicate single subject data, red arrow indicates subject mean data (n = 12). Panel a: Stimulation at 0.2 Hz. Panel b: Stimulation at 
0.8 Hz. Panel c: Stimulation at 1.2 Hz. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 

Fig. 4. PLV and phase offsets of body segments. Data from three representative subjects. At each pair, body plots on the left-hand side show PLV, body plots on the 
right-hand side show relative phase to the stimulus. White asterisks in the phase plots indicate significant phase coupling at the respective body segment. Panel a: 
Stimulation at 0.2 Hz. Panel b: Stimulation at 0.8 Hz. Panel c: Stimulation at 1.2 Hz. 
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subjects for each stimulus condition (panels a–c). Body plots on the left- 
hand side show PLV values, while body plots on the right-hand side 
show the corresponding relative phase angles. White asterisks in the 
phase plots indicate significant PLV (p < 0.05). Remarkably, for stimu-
lation at 0.2 Hz (panel a), all subjects significantly coupled their phase to 
the stimulus widely across their bodies, with their individual body 
segments reaching PLVs up to 0.8. In addition, all subjects displayed a 
large relative phase to the stimulus and also rather constant across the 
body. However, the exact value of this phase offset was unique for each 
subject. For stimulation at 0.8 Hz (panel b), phase coupling became less 
homogeneous. For instance, one of the participants still coupled widely 
across their body, while another subject showed almost no significant 
phase coupling at all. Where significant phase coupling occurred, phase 
offsets to the stimulus were relatively small. Towards the highest fre-
quency of 1.2 Hz (panel c), PLVs were mainly centred around the lower 
torso and hip segments. Here again, phase offsets differed for each 
subject. 

Fig. 5 shows group data for body segment PLV (upper body plots) and 

relative phases (lower body plots), averaged across all subjects. Note 
that here, PLV scaling was performed separately for each condition to 
emphasize its distribution across the body rather than absolute values. 
At 0.2 Hz (panel a), there was significant phase coupling across the 
whole body, with an average phase offset of around 230 degrees 
(4.0 rad), which was also nearly uniformly distributed across the body. 
For stimulation at 0.8 Hz (panel b), overall PLVs dropped, with only the 
hip consistently reaching significance level. The hip segments showed a 
considerably small phase offset of around 6 degrees (0.1 rad). At the 
highest frequency of 1.2 Hz, PLVs were similar to stimulation at 0.8 Hz, 
with significant coupling at the hip, head and arms. Here, the hip seg-
ments showed a phase offset of roughly 280 degrees (4.9 rad). 

4. Discussion 

In this study, we investigated phase coupling of COP and various 
body segments in response to an oscillatory visual drive. Firstly, we 
showed that subjects’ COP significantly coupled its phase to the visual 

Fig. 5. PLV and phase offsets of body segments. Mean across subjects (n = 12). Body plots in the top row show PLV, body plots in the bottom row show relative phase 
to the stimulus. White asterisks in the phase plots indicate significant phase coupling at the respective body segment. Panel a: Stimulation at 0.2 Hz. Panel b: 
Stimulation at 0.8 Hz. Panel c: Stimulation at 1.2 Hz. 
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stimulus at each presented frequency. Considering the high number of 
data samples (ca. 15.000 per subject) which contributed to the calcu-
lation of the PLV, this marks a remarkably strong effect. In addition, COP 
phase coupling revealed distinct average phase offsets to the visual os-
cillations at each tested frequency. These specific phase offsets might 
indicate resonance behaviour of a driven harmonic oscillator. Thus, the 
system – comprised of neural visuomotor circuits and the biomechanics 
of the body – might behave like a physical oscillator [14]. With the COP 
– closely related to the COM – suggested as the main control variable of 
the balance control system [4,17,29], this could mark a significant 
finding. However, data consisting of many more frequencies would be 
required to further investigate this behaviour. Moreover, to exclude 
anticipatory effects and effects of long-term adaptation due to the 
periodicity of the stimulus, further studies need to be conducted in 
which the phase and/or frequency of the oscillation is spontaneously 
modulated during trials. 

By measuring full-body responses, we were able to gain insight into 
how phase coupling spreads across the body, i.e. how particular seg-
ments of the body phase-locked to the visual drive at each presented 
frequency. On both single-subject and group level, there was a clearly 
visible effect of frequency on the distribution of phase coupling across 
the body. Remarkably, for the lowest frequency of 0.2 Hz, the entire 
body showed significant, uniform phase coupling. Participants’ bodies 
acted like a rigid body, swaying around the ankle with all body segments 
being in phase. This clearly confirms the single-link inverted pendulum 
hypothesis, which is claimed for low frequencies of postural sway [2,9, 
29]. Yet, when the frequency of perturbation increased, subjects – on 
average – shifted their postural behaviour and coordination of body 
segments to keep their COM stable. In relative terms, phase coupling of 
the upper body and the legs decreased, whereas coupling of the lower 
torso, especially at the hips, increased. This behaviour supports previ-
ously described hip-strategies of postural sway [10,18]. In addition, the 
phase plots in Fig. 5 (lower row) reveal a phase-offset of about 90 de-
grees between the head and the hip joints at higher frequencies. This 
could be indicative of coordination strategies of body sway proposed by 
Boehm et al. [30]. The observed shift in PLV across the body also proved 
to be consistent for most of the individual subjects, albeit with differ-
ences in coupling strength and phase offsets (Fig. 4). Thus, our findings, 
using a newly introduced method in the context of body sway, support 
the claim of simultaneously co-existing modes of body sway, which 
systematically predominate, depending on the frequency of the pertur-
bation [12]. Our findings suggest that the human body behaves like a 
rigid, single-link inverted pendulum at low frequencies, whereas 
optimal adaptation is achieved by multi-link coordination of body seg-
ments towards higher frequencies of sway [16]. 

The differences in single subjects mentioned above, in accordance 
with coupling and phase behaviour of the COP (resonance curve), might 
serve for idiosyncratic posturographic profiles of participants [31]. 
Subsequently, these profiles might act as biomarkers to identify types of 
postural responses to visually simulated self-motion, eventually allow-
ing for clinical trials to systematically detect biomechanical and neural 
impairments. 

The promising results of our full-body analysis call for more detailed 
investigations of possible synergies between body segments, especially 
for more detailed analyses of inter-segment phase relations at higher 
frequencies of sway. Along with our phase-locking data, these could 
provide deeper insight into multi-segment postural control. 

5. Conclusion 

Phase coupling of COP and body segments revealed significant body 
sway responses to an oscillatory visual drive, making it a promising 
technique to investigate human postural control. By introducing this 
method to the field and applying it to full-body data, we were able to 
qualitatively confirm existing models on body sway, especially the 
transition from single-link inverted pendulum behaviour to more 

complex, multi-segment body control, as the frequency of the visual 
stimulation increased. More detailed analyses on the phase relations 
between stimulus and response might lead to new insights into 
compensatory postural adjustments which could be utilized in future 
clinical settings. 
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Abstract
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Postural instability marks a prevalent symptom of Parkinson’s disease (PD). It often manifests in increased body sway, which is

commonly assessed by tracking the Center of Pressure (CoP). Yet, in terms of postural control the body’s Centre of Mass (CoM) is

what is regulated in a gravitational field, and not the CoP. To find potential biomarkers of subclinical alterations of early-stage PD

regarding postural control, we determined CoP and CoM in response to unpredictable visual perturbations.

We investigated three different cohorts: (i) 18 patients with early to mid-stage PD, (ii) a group of 15 age-matched controls (CT)

and (iii) a group of 12 young healthy adults (YG). Participants stood on a force plate to track their CoP, while movement of their

entire body was recorded with a video-based motion tracking system to monitor their CoM. A moving room paradigm was applied

through a head-mounted virtual reality headset. The stimulus consisted of a virtual tunnel that stretched in the anterior-posterior

direction. The tunnel either remained static or moved back and forth in an unpredictable fashion.

We found differences in mean velocities of CoP and CoM between the groups under both conditions with higher velocities of CoP

and CoM for PD and CT when compared to YG. Visual perturbation increased mean CoP velocity in all groups, but only had a slight

effect on mean CoM velocity. While being significantly lower for the young adults, the net-effect of visual perturbation on mean CoP

velocity was similar between patients with PD and age-matched controls. There was no effect of the perturbation on mean CoM

velocity for any of the groups.

Our simultaneous assessment of CoP and CoM revealed that postural control is reflected differently in CoM and CoP. As motion of

the CoM remained mostly unaffected, all groups successfully counteracted the perturbation and maintained their balance. Higher

CoP velocity for PD and CT revealed increased corrective motion needed to achieve this successful behavior, which however was

similar in both groups. This suggests increased effort, expressed in CoP velocity, to be an effect of age rather than disease in

earlier stages of PD.

Contribution to the field

Postural instability, often accompanied by an increased reliance on vision, constitutes a major symptom in progressing Parkinson's

disease (PD). Identifying predictors of postural instability before visible symptoms occur is crucial for early initiation of

therapeutic measures. Therefore, in our study, we simultaneously tracked the Center of Pressure (CoP) and Center of Mass (CoM)

to investigate body sway behavior in response to visual perturbations in patients with early-to-mid stage PD, age-matched

controls, and young healthy adults. Our investigations revealed that postural control is reflected differently in CoM and CoP

dynamics. As motion of their CoM remained mostly unaffected by the perturbations, all groups successfully maintained their

balance. To our surprise, while being weaker for the young, visual perturbation had a similarly strong effect on CoP motion for

both PD patients and age-matched controls. This indicates that they needed increased corrective motion to maintain their upright

stance. For early stages of PD, our results suggest this increased effort to maintain balance, expressed in CoP velocity, to be an

effect of age rather than disease. Hence, considering their limitations, our new findings might facilitate future clinical research on

postural instability in Parkinson’s disease and help to improve quality of life of those affected.
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Abstract17

Postural instability marks a prevalent symptom of Parkinson’s disease (PD). It often manifests in 18

increased body sway, which is commonly assessed by tracking the Center of Pressure (CoP). Yet, in 19

terms of postural control the body’s Centre of Mass (CoM) is what is regulated in a gravitational field, 20

and not the CoP. To find potential biomarkers of subclinical alterations of early-stage PD regarding 21

postural control, we determined CoP and CoM in response to unpredictable visual perturbations.22

We investigated three different cohorts: (i) 18 patients with early to mid-stage PD, (ii) a group of 15 23

age-matched controls (CT) and (iii) a group of 12 young healthy adults (YG). Participants stood on a 24

force plate to track their CoP, while movement of their entire body was recorded with a video-based 25

motion tracking system to monitor their CoM. A moving room paradigm was applied through a head-26

mounted virtual reality headset. The stimulus consisted of a virtual tunnel that stretched in the anterior-27

posterior direction. The tunnel either remained static or moved back and forth in an unpredictable 28

fashion.29

We found differences in mean velocities of CoP and CoM between the groups under both conditions 30

with higher velocities of CoP and CoM for PD and CT when compared to YG. Visual perturbation 31

increased mean CoP velocity in all groups, but only had a slight effect on mean CoM velocity. While 32

being significantly lower for the young adults, the net-effect of visual perturbation on mean CoP 33
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velocity was similar between patients with PD and age-matched controls. There was no effect of the 34

perturbation on mean CoM velocity for any of the groups.35

Our simultaneous assessment of CoP and CoM revealed that postural control is reflected differently in 36

CoM and CoP. As motion of the CoM remained mostly unaffected, all groups successfully 37

counteracted the perturbation and maintained their balance. Higher CoP velocity for PD and CT 38

revealed increased corrective motion needed to achieve this successful behavior, which however was 39

similar in both groups. This suggests increased effort, expressed in CoP velocity, to be an effect of age 40

rather than disease in earlier stages of PD.41

42

1 Introduction43

Due to the ongoing demographic transition and subsequent over-aging of modern societies in many 44
industrialized countries, neurodegenerative diseases are gaining in prevalence, with Parkinson’s disease (PD) 45
being the second most common after Alzheimer’s disease (Lange & Erbguth, 2017; Tysnes & Storstein, 2017). 46
In addition to the cardinal symptoms of rigidity, hypokinesia and a resting tremor, progressing postural 47
instability commonly accompanies advanced stages of PD (Jankovic, 2008). Postural instability is also 48
manifested in an impaired balance control (Appeadu & Gupta, 2021) and leads to an increased risk of falls, 49
which reduces the quality of life for individuals with PD (Fasano et al., 2017; Koller et al., 1989). Reportedly, 50
postural instability is also associated with a diminished life expectancy of those affected (Bäckström et al., 51
2018). Remarkably, motor symptoms usually do not show until about 50% of the dopaminergic neurons of the 52
substantia nigra have perished (Fearnley & Lees, 1991). However, only some patients exhibit a progressive 53
form with severe instability. Thus, identifying predictors of postural instability before balance impairments 54
occur is crucial to anticipate the risk of falls.  55

Maintaining equilibrium, i.e., a stable upright body position in space, involves complex, intertwined processing 56
of various sensory inputs. Out of these inputs, visual information is claimed to be one of the most important 57
contributors (Berthoz et al., 1975; Bronstein, 1986; Laurens et al., 2010). In particular, patients with PD show 58
an increased reliance on the visual system to maintain upright stance (Bronstein et al., 1990; Weil et al., 2016). 59
Thus, sense of balance can easily be manipulated by external visual stimuli, which in turn has the potential to 60
give insight into the underlying neural processing (Alghadir et al., 2019; van Asten et al., 1988). Regarding such 61
visual manipulations, previous research has shown that unpredictable perturbations of the visual scene 62
generate a strong dynamic destabilization of quiet upright stance (Barela et al., 2009; Guerraz et al., 2001; 63
Musolino et al., 2006; Winter et al., 1990). A sensitive measurable indicator of this destabilization constitutes 64
an increased sway of the body (F. B. Horak & Mancini, 2013; Pantall et al., 2018). Reflecting this body sway, 65
the body’s Center of Mass (CoM) is claimed to be the main variable controlled by the central nervous system 66
to maintain equilibrium (F. Horak & Macpherson, 1996; Peterka, 2002). However, considering the heterogenic 67
mass distribution of the human body, assessment of the CoM requires tracking and subsequent mathematical 68
processing of several body segments. This is why tracking of the foot Center of Pressure (CoP), which reflects 69
the total of forces enacted on the ground, is widely used in body sway research, as its motion can directly be 70
assessed through simple force platforms (Vsetecková & Drey, 2013). Existing models to describe the 71
relationship between CoP and CoM during human bipedal upright stance include that of an inverted pendulum 72
(Gage et al., 2004; Laurens et al., 2010; Winter et al., 1997). In this context, the CoM typically is considered to 73
be the controlled variable, while the CoP is the controlling variable. Accordingly, the CoP controls the CoM and 74
keeps its position above the base of support (Morasso, 2020; Takeda et al., 2017; Winter et al., 1996). 75
Displacements of the CoM which exceed this area lead to falls (F. Horak et al., 1989; Roman-Liu, 2018). 76
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Recently, affordable and user-friendly equipment, which was originally designed for the gaming industry, has 77
been validated for research purposes. This includes the Microsoft Kinect v2 (Microsoft, Redmond, WA, USA), 78
which allows for video-based full-body motion tracking, as well as the Nintendo Wii Balance Board (Nintendo, 79
Kyoto, Japan) to replace a research-grade force platform (Chang et al., 2013; Clark et al., 2018; Dehbandi et 80
al., 2017). In addition, a convenient means to perform visual manipulations that has recently been established 81
is the use of commercially available virtual reality headsets to apply a moving room paradigm (Engel et al., 82
2020; Engel et al., 2021). Accordingly, a combination of these experimental tools and approaches enables a 83
straightforward simultaneous assessment of CoP and CoM under visual perturbations, through which empirical 84
conclusions can be drawn about the relationship between both parameters. 85

With the aim to compare body sway between particular groups with balance impairments and healthy 86
controls, velocity of these body sway parameters has proven to be a suitable measure (Takeda et al. 2017), 87
while sole displacement of their trajectories is suggested to be less suitable to identify potential differences 88
(Masani et al., 2014). For instance, Palmieri and colleagues showed that an increase in CoP velocity signifies 89
increased postural instability while slower CoP velocity indicates more effective balance control (Palmieri et 90
al., 2002). Moreover, Nantel and colleagues showed that higher CoP velocities seem to be an indicator for the 91
severity of postural instability in PD. Their study revealed that age-matched controls are able to maintain their 92
posture more effectively, signalized by a lower CoP velocity (Nantel et al., 2012). Thus, CoP velocity might serve 93
as a potential biomarker for deterioration of postural stability (Da Conceição et al., 2019; Maurer et al., 2003) 94
and might predict fallers in PD (Beretta et al., 2018). However, there is evidence that increased CoP velocities 95
also occur in the healthy elderly (Roman-Liu, 2018). Since most people affected by PD are of advanced age (Rijk 96
et al., 1995), it is unclear whether this deterioration of postural control is due to the disease alone. For the 97
reasons mentioned above, the majority of existing studies only investigated motion of the CoP. As the CoM is 98
claimed to be the main controlled variable and more recent technologies allow for an easier tracking of the 99
whole body, it is intriguing to additionally look into possible alterations of the CoM which might be related to 100
PD as well as age. 101

Thus, the aim of this study was to simultaneously assess CoP and CoM dynamics to investigate differences in 102
mean velocity of both parameters between early-to-mid stage PD patients (PD), a control group (CT) of age-103
matched healthy adults and a third group of young (YG) healthy adults. To find – in the long term - potential 104
biomarkers due to impairments which occur before the onset of clinically apparent postural instability, we 105
recruited patients at early stages of the disease. Postural behavior was evaluated under two conditions: (i) 106
during quiet standing, while participants’ visual field remained stable, and (ii) while they underwent 107
unpredictable perturbations of their visual surroundings in the anterior-posterior (AP) direction. By testing 108
three different groups, our goal was to differentiate between potential disease-specific and age-related 109
alterations in body sway during quiet stance as well as under visual perturbation, which might be expressed 110
differently in CoP and CoM. We hypothesized (1) that PD patients show the highest velocity of both parameters 111
under both conditions, followed by the elderly healthy adults, while velocities for the young group will be 112
slowest. Moreover, we expected to find (2) that velocity of both parameters increases under visual 113
perturbation in all groups. Lastly, we hypothesized (3) that this increase will again be strongest for the group 114
of patients and weakest for the group of young healthy adults.115

116

2 Material and Methods117

2.1 Participants118

Eighteen patients with PD (age: range: [42-76]; mean ± standard deviation: 58.10 ± 8.66) diagnosed 119

based on the Movement Disorder Society diagnostic criteria (Postuma et al., 2015) in early to moderate 120

In review
tive bal

P velocities seem t

ed that age-matched controls are controls are 

er CoP velocity (Nantel et al., 2012). Thus, Coocity (Nantel et al., 2012). Thus, 

ration of postural stability (Da Conceição et al., 2019stability (Da Conceição et al., 2

 in PD (Beretta et al., 2018). However, tal., 2018). However, there is evidence that increashere is evidence that 

the healthy elderly (Romany (Roman--Liu, 2018). Since most people affectedLiu, 2018). Since most people affec

1995), it is unclear whether this deterioration of postural co1995), it is unclear whether this deterioration of postural

s mentioned above, the majority of existing studies oentioned above, the majority of existing stud

ed to be the main controlled variable an be the main controlled variable an

dy, it is intriy, it is intriguing to additiguing to ad

l as age.  as age. 



Postural impairment in PD

4
This is a provisional file, not the final typeset article

disease stages (Hoehn and Yahr: ([1-3]; 1.94 ± 0.70 (Hoehn, M. and Yahr, M., 1967) with a mean 121

disease duration of 4.8 years ([0-15]; 4.79 ± 4.71)) participated in the study. All of the patients were 122

assessed “on” their regular dose of dopaminergic medication (Levodopa Equivalent Daily Dose 123

(LEDD): [105-1980]; 651.63 ± 529.97). The two control groups consisted of 15 age-matched healthy 124

individuals (age: [49-70]; 59.80 ± 6.45) as well as 12 young healthy participants (age: [22-28]; 23.92 125

± 1.50). 126

Exclusion criteria were any neurological or orthopedic disorders as well as cognitive impairment based 127

on the Montreal Cognitive Assessment as a screening tool for general cognitive abilities with a cut-off 128

score of 24 points (Ciesielska et al. 2016). All subjects had normal or corrected to normal visual acuity.129

All participants gave written informed consent prior to the experiment, including with regard to the 130

storage and processing of their data. Experimental procedures involving healthy individuals were 131

approved by the Ethics Committee of the Psychology Department, University of Marburg. Research 132

including PD patients was approved by the Ethics Committee of the Faculty of Medicine, University 133

of Marburg (Case 77/19). All research was conducted in accordance with the Declaration of Helsinki.134

2.2 Technical setup135

Participants stood on a Wii Balance board (Nintendo, Kyoto, Japan) to track their CoP (Fig. 1). 136

Wearing no shoes, they were instructed to position their feet about shoulder width apart, about parallel 137

on the ground. During trials, their arms were to hang at their sides without effort. They were instructed 138

to remain their gaze straight ahead. To perform tracking of their body motion, we used a Kinect v2 139

video-based motion tracking system (Microsoft, Redmond, WA, USA) which recorded the 3D-140

positions of 25 different ‘body joints’ as determined by an internal algorithm. The camera was located 141

210 cm in front of the participants and fixed at a height of 140 cm.  Visual stimuli were presented 142

through a head-mounted virtual reality headset (HTC Vive, HTC, New Taipei City, 206 Taiwan). The 143

frame rate was 90 Hz. The field of view extended over 110° in the vertical as well as in horizontal 144

direction.145

[Figure 1]146

In the virtual world, participants stood inside a tunnel that was world-fixed and stretched in the AP-147

direction. The visual stimulus was custom made, based on the open-source Python pyopenvr 148

framework (https://github.com/cmbruns/pyopenvr). The demarcation of the tunnel was made up of 149

black spheres, whose position was randomly generated for every trial. The length of the tunnel was set 150

to 50 m and the radius was adjusted to the eye level of every subject, so that their gaze was directed at 151

the radial center of the tunnel, 25 m in front of them. Just before the end of the tunnel, at a distance of 152

24 m, we implemented a fixation dot at the radial center. 153

To prevent participants from falling, they were secured by a harness which was attached to the ceiling. 154

We ensured that the harness guaranteed subjects’ safety but was not providing lift during trials. The 155

setup has successfully been established and described in more detail in previous work (Engel et al., 156

2021).157

2.3 Experimental Paradigm158

Each subject performed ten trials of the static condition (SC) where the tunnel remained motionless 159

and 20 trials of the unpredictable condition (UC), during which the tunnel was moving back and forth 160

in an unpredictable fashion. In this way, every subject performed a total of 30 trials. The order of trials 161

In review
the Faculty of 

ordance with the De

on a Wii Balance board (Nintendo, Kyoto, Japan) to track board (Nintendo, Kyoto, Japan) to tra

 shoes, they were instructed to position their feet about shoulde instructed to position their feet about shoulde

the ground. During trials, their arms were to hang at their sides the ground. During trials, their arms were to hang at their sides 

main their gaze straight ahead. To perform trackinmain their gaze straight ahead. To perform tra

based motion tracking system (Micased motion tracking system (Mic

ons of 25 different ‘body joints’ ons of 25 different ‘body joi

m in front of the pm in front of the 



Postural impairment in PD

5

was pseudorandomly shuffled. The unpredictable motion of the tunnel was made up of a series of 162

random tunnel displacements along the AP axis. At each trial, these displacements were generated out 163

of a sequence of random positions, which in turn were constructed from the inverse Fourier transform 164

of a flattened random frequency spectrum (random white noise). The maximum step size was set to 80 165

cm. At the beginning of each trial, the tunnel remained motionless and – in the UC – started moving 166

after a randomized onset time between 5 and 8 s. The motion lasted for 30 s, after which the tunnel 167

remained static for another 5 s to provide the subjects with relaxation time. In this way, the duration of 168

each trial was 40 to 43 seconds.169

As soon as the subjects indicated by verbal command that they were ready, the experimenter started 170

the next trial. To signal its beginning, the fixation dot changed its color from red to white. During the 171

30 s motion phase (or static phase), the fixation dot occasionally shifted its color to black in a transient 172

fashion. This event occurred randomly between zero and ten times over the course of each trial. 173

Participants’ task was to pay attention to these shifts and keep track of their number to ensure that they 174

kept fixating. After the end of each trial, subjects had to report the number of changes they noticed. If 175

the reported number was off by more than two, the respective trial was discarded. After each trial, 176

subjects had time to relax and adjust their posture as long as they needed. Across all trials, every subject 177

had a minimum of two larger breaks to prevent fatigue. During these breaks, participants were able to 178

leave the setup and sit down or walk around. The entire experiment took about 2 hours to complete.179

2.4 Data analysis180

A custom-made Python script was used for recording and storing of raw data. Further analyses were 181

conducted in MATLAB (The MathWorks, Inc., Natick, USA). The data of the Kinect and the Wii 182

Balance board had different sampling rates (30 Hz and 100 Hz, respectively), which is why we used a 183

Gaussian moving average filter with a symmetric window (sigma = 1/60 s) to resample the time courses 184

to 50 Hz. For all following analyses, we extracted the time-courses of the CoP and the 3-D body 185

segments which corresponded to the AP-directions.186

To determine the position of the CoM, we calculated the 3-D center positions of 16 body segments and 187

summed them with individual weighting factors taken from (Winter, 2009, p. 86). Before determining 188

the mean velocity of the time-courses, in each trial, we subtracted a first-order polynomial from the 189

raw data of the CoP and CoM using the detrend function in MATLAB. This was to eliminate potential 190

continuous motion artifacts which might have occurred during trials (Cruz et al., 2021). Afterwards, 191

we computed the mean velocity by taking the first derivative of the detrended signal and calculated the 192

average of the absolute values of the derivation across time. In order to investigate additional temporal 193

dynamics of the obtained mean velocities, we also distributed the detrended signals into small bins of 194

0.5 s, of which we calculated the mean velocity individually. 195

To gain insight into the net effect of the unpredictable condition on mean velocity of CoP and CoM, 196

we subtracted average mean velocities during the static condition from the average mean velocities 197

during visual perturbation for each parameter, respectively198

2.5 Statistics199

We used non-parametric testing on ranked data due to our unequal group size, the relatively small 200

number of participants and subsequent non-comparable variance. Kruskal-Wallis tests with follow-up 201

pairwise comparisons with adjusted p-values were used to evaluate group differences (PD, CT, YG). 202

To test the influence of the unpredictable movement of the tunnel on mean velocities of CoP and CoM 203

within each group, we performed a Wilcoxon signed-rank test. We considered 95 % confidence 204
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intervals (p < .05) to reject the null hypothesis. Statistical analyses were performed in SPSS (IBM, 205

Armonk, NY, USA).206

207

3 Results208

In a first step we analyzed baseline data, i.e. CoP and CoM velocity while the tunnel remained static 209

(SC). There was a significant effect of the group on mean CoP velocity (H(2) = 14.91, p = 0.001). As 210

displayed in Figure 2 (A), there was a visible trend across groups, with PD patients showing the highest 211

mean CoP velocity, followed by the CT group, which in turn exhibited a slightly higher mean CoP 212

velocity than the YG group. In post-hoc pairwise comparisons, there were neither significant 213

differences between PD and CT (p = 0.255, r = 0.35) nor between CT and YG (p = 0.376, r = 0.36). 214

Only the higher mean CoP velocity of PD deviated significantly from the mean CoP velocity of the 215

YG group (p = 0.001, r = .70). 216

Regarding mean CoM velocity (Fig 2, B), there was also a significant effect of the group (H(2) = 217

14.288, p = 0.001), accompanied by a similar trend in the data as for the CoP. Here, there was also no 218

significant difference between PD and CT data (p = 0.351, r = 0.27), while the CoM of YG moved 219

significantly slower in comparison to PD (p < 0.001, r = 0.69). It also moved considerably slower than 220

the CoM of the elderly healthy adults, albeit not reaching statistical significance (p = 0.079 r = 0.43).221

[Figure 2]222

In a second step, we compared responses to the unpredictable visual movement of the tunnel between 223

the groups (CoP: H(2) = 14.76, p = 0.001; CoM: H(2) = 13.250, p = 0.001). The results are displayed 224

in panels D & E of Figure 2. Here, a similar trend across groups like in the static condition (SC) became 225

apparent. The PD group showed the highest mean CoP velocity, followed by CT. Mean CoP velocity 226

of the YG was slowest. Like in the SC, we did not observe statistical differences in mean CoP velocity 227

between PD and CT (p > 0.999, r = 0.17). However, there were significant differences between a higher 228

mean CoP velocity of PD as compared to YG (p = 0.001, r = .69) as well as between higher values of 229

CT as compared to YG (p = 0.034, r = 0.53). Investigation of mean CoM velocity during the 230

unpredictable condition revealed the same trend, but there was only a significant difference between 231

the PD and YG groups (p = 0.001, r = 0.66).232

In addition to the differences between groups in both the SC and the UC, we also investigated the effect 233

that the visual influence had on each group. Unpredictable motion of the tunnel (UC) significantly 234

increased mean CoP velocity in all groups when compared to the static condition (PD: p = 0.001, r =235

0.81; CT: p = 0.001, r = 0.88; YG: p = 0.002, r = 0.88). This was also observed in the mean velocity 236

of the CoM, albeit to a much smaller extent. Here, statistical tests only yielded significant effects for 237

CT (p = 0.001, r = 0.84) and YG (p = 0.041, r = .59). 238

As motion of the tunnel led to an increase of the mean velocity of both CoP and CoM in each respective 239

group, we also investigated the net effect of visual perturbation (UC) on the mean velocity of both 240

parameters. To this end, for each group, we subtracted the average mean velocities during the static 241

condition from the average mean velocities during perturbation. The results are displayed in panel A 242

of Figures 3 (CoP) and 4 (CoM), respectively. The net difference revealed that visual perturbation led 243

to a strong increase of mean CoP velocity in both PD and CT, while it had only a slight effect for YG. 244

This was backed by statistical testing, which yielded unpredictable visual perturbation to have a 245

significantly different net effect on mean CoP velocity between PD and YG (p = 0.013, r = 0.52) as 246
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well as between CT and YG (p = 0.006, r = 0.59). There was no significant difference between PD and 247

CT (p > 0.999, r = 0.06). To gain additional insight into the temporal dynamics of this effect, we sorted 248

mean CoP and CoM velocities of each group in temporal bins, as described in our methods. The 249

resulting binned time series for mean CoP velocity can be seen in Figure 3 (B). Shortly after stimulus 250

onset, mean CoP velocity increased drastically in both elderly groups (PD and CT), but only minimally 251

for the young.  Remarkably, the rise in CoP velocity occurred with the same latency for PD and CT, 252

i.e., roughly 300 ms. During the stimulus, each group maintained a considerably stable mean CoP 253

velocity. When motion of the tunnel stopped, again with similar latency (2,5 s), mean CoP velocity of 254

PD and CT dropped to the prestimulus level.255

[Figure 3]256

This did not apply to the difference in mean velocities of the CoM between the two conditions, as there 257

was barely a visible net-effect in any of the groups. This was also reflected in statistical testing between 258

groups which revealed no significant effects. The net-effects on mean CoM and their respective binned 259

distribution over time are displayed in Figure 4.260

[Figure 4]261

262

4 Discussion263

In our study, we investigated potential disease- and age-specific changes in postural control during 264

quiet stance in a static environment (static condition, SC) as well as in response to random visual 265

perturbations (unpredictable condition, UC) by simultaneously assessing mean velocity of CoP and 266

CoM. For this purpose, we recruited three different cohorts: a group of PD patients (PD), a group of 267

age-matched healthy adults (CT) and a group of young healthy adults (YG). 268

Considering mean velocity of both CoP and CoM, we hypothesized the highest amount of body sway 269

for the group of PD patients in both visual conditions, SC and UC, respectively. Albeit not reaching 270

statistical significance throughout, this hypothesis was supported by our data. In terms of the effect of 271

visual perturbation on body sway, we were able to confirm our second hypothesis, that all groups 272

exhibited a higher velocity of their CoP when exposed to random displacements of the tunnel. 273

However, this was mainly true for the CoP in the PD and CT groups and did not hold for the CoM in 274

any of the groups. Thirdly, we expected that the net-increase would again be strongest for the group of 275

patients. Even though we found differences between groups, this hypothesis was not supported by our 276

findings. Crucially, we did not find significant differences between the patients and the age-matched 277

controls in any of our investigations. 278

In general, CoP velocities were higher than CoM velocities in all groups, irrespective of the condition. 279

This is in line with previous research, which revealed a higher dynamic range of the CoP when 280

compared to CoM (F. B. Horak et al., 2005; Winter, 1995; Winter et al., 1996).  Even though previous 281

findings were mostly concerned with displacement, it can be assumed that this also applies to velocities 282

(defined as displacement over time). These previous findings have been explained by the fact that 283

displacement of the CoP needs to exceed that of the CoM in a given direction in order to properly 284

counteract its movement (Takeda et al., 2017; Winter, 2009; Zemková et al., 2016). Accordingly, as 285

our stimulus and thus the perturbation quickly changed directions, it seems logical that the CoP had to 286

move more quickly, reflected in a higher velocity, to keep the CoM stable. Across groups, there were 287

the same trends in mean velocities of CoP and CoM under both conditions (Figure 2). Mean velocity 288
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of the CoP almost doubled for PD and CT when exposed to the visual perturbation, but only increased 289

slightly for YG. In all groups, this was not the case for the mean velocity of the CoM, which almost 290

remained at the same level. This is remarkable and supports the idea that CoP and CoM show different 291

behavior in response to a destabilizing environment (Carpenter et al., 2010; Takeda et al., 2017). 292

The increased motion of the CoP but unaffected motion of the CoM could be explained by the two 293

different functions these variables are claimed to represent in the context of balance control. As 294

described in our introduction, the CoM is suggested to be the variable controlled by the CNS to 295

maintain equilibrium (F. B. Horak et al., 2005; Winter et al., 1990; Zemková et al., 2016). It therefore 296

reflects the outcome of internal processes as response to the sensory input and a slow overall velocity 297

indicates general stability. As visual perturbation barely affected motion of the CoM, this can be 298

interpreted that all the groups successfully maintained their balance. Motion of the CoP, on the other 299

hand, reflects the forces enacted on the ground to push the body (CoM) back towards its equilibrium 300

position once it gets deflected. Hence, Increased motion of the CoP, expressed in our study as mean 301

velocity, might represent a certain kind of effort that was required to perform its task.302

To our surprise, we did not find significantly higher CoP or CoM velocities between patients with PD 303

and age-matched controls. However, there was high variation within the group of patients, which might 304

have masked possible effects. In order to find a potential biomarker for subclinical postural instability 305

at early stages of PD, we purposely selected a high proportion of patients who only had mild symptoms. 306

Thus, our results might suggest that balance control as expressed in CoP and CoM velocity is not 307

impaired in these early stages, which was in line with the clinical assessment of our patients. This result 308

of our study indicates that these parameters may be unsuitable as biomarkers to identify early disease-309

related changes as a predictor of postural instability. 310

On the other hand, particularly mean CoP velocity was lower for the group of young healthy adults. A 311

similar effect could be seen in the CoM data. With the CoM as outcome of balance control mechanisms, 312

both older groups exhibited greater instability compared to the younger adults. This indicates increased 313

CoP and CoM velocity, the latter potentially reflecting poorer balance control, to be an effect of age 314

rather than disease (Masani et al., 2014; Roman-Liu, 2018). Since we used visual perturbation in our 315

paradigm, this can possibly be explained by increased reliance on vision not only by the PD patients, 316

but by the elderly in general (Hay et al., 1996), but further experiments are required to settle this 317

question.318

In addition to our investigation of CoP and CoM velocities between groups at both conditions 319

separately, we also investigated the net-effect of the visual perturbation on both parameters inside each320

group (Figures 3 and 4). Regarding the net-effect on CoP velocity (Figure 3), the differences between 321

the groups as compared to the separate conditions became more pronounced. Here, the difference of 322

data between both elderly groups and the young participants reached statistical significance. Also, there 323

was again no significant difference between data from PD patients and their age-matched peers. The 324

net-effect revealed a strongly visible gap between the elderly and the young (Figure 3), again speaking 325

in favor of an age-effect of increased CoP motion in response to the visual perturbation. By sorting the 326

time-course data into bins and calculating the mean velocity for each bin, we were able to probe the 327

temporal dynamics of mean velocity during stimulus presentation (Figure 3 B). Temporal dynamics 328

did not only confirm the difference in behavior between both elderly groups and the young adults, but 329

now also revealed that CoP velocity increased at very short latency with respect to stimulus onset for 330

all groups. Moreover, it also decreased again with a similar delay for all groups. Hence, there seemed 331

to be no measurable difference in response time between the groups, neither due to age, nor due to 332

disease. This is contrary to evidence on prolonged latencies in response to motor tasks in PD (Nunzio 333
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et al., 2007), but at the same time in line with other studies, which also did not detect differences in 334

neural response latency (Rinalduzzi et al., 2015). 335

To our surprise, there was barely a noticeable net-effect on the CoM mean velocity, also considering 336

temporal dynamics (Figure 4). None of the groups exhibited any destabilization in their CoM, as its 337

velocity did not increase under visual perturbation. This means, as we stated before, that by increasing 338

motion of their CoP all groups were able to maintain their CoM at equilibrium and thus successfully 339

counteract the perturbation. In this regard, there was again neither an effect of age nor of disease on 340

postural stability. The majority of patients (83 %) in the PD group were in Hoehn & Yahr stages 1 or 341

2, i.e., exhibiting no postural instability in clinical examination. Hence, our results suggest that 342

measuring the CoM may accurately reflect the clinical state but do not support a potential value of 343

CoM in predicting subclinical postural control deficits. It would be intriguing to perform longitudinal 344

studies with larger cohorts to also look into possible effects of disease progression on our measured 345

parameters and to define a narrower time frame as to when balance deterioration starts to occur in 346

Parkinson’s disease.347

Main limitations of our study included relatively small and heterogenous groups. Especially the PD 348

and CT groups had rather unequal age distributions. Only three patients were diagnosed with postural 349

instability and many of them were in an early stage of the disease. However, despite postural 350

impairment being claimed to only become present in advanced stages of the disease (Jankovic, 2008), 351

we hoped to find impairments in balance control which were not yet manifested as apparent clinical 352

symptoms. Moreover, all patients were treated with different doses of dopaminergic medication 353

depending on their symptoms. Although the impact of dopaminergic medication on postural stability 354

in general as well as on CoP velocity remains an area of debate as previous studies found conflicting 355

results (Maurer et al., 2003; Nantel et al., 2012; Rocchi et al., 2002), we cannot exclude effects of 356

medication on our results.357

358

5 Conclusion359

In our study on visual perturbation of balance in PD and two healthy control groups, we found effects 360

of visual perturbation on CoP dynamics, but only weak effects on CoM dynamics, which could be 361

explained by the different natures of both parameters. These effects were much stronger for PD patients 362

and age-matched controls than they were for young healthy adults, which supports previous findings 363

on deterioration of balance with age. Against our expectations, we did not identify subclinical 364

alterations of balance control in patients with early-stage PD, indicated by similar behavior in both 365

elderly groups. Nonetheless, in light of their limitations, our findings suggest that mean velocity of 366

CoP may provide a useful quantitative measure to objectify clinical findings of balance control.367
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Figure 1:537

Technical setup. Subjects stood on a Wii Balance Board to track their CoP. Their body movement was 538

tracked by a video-based motion tracking system positioned in front of them (not displayed). Visual 539

stimuli were presented through a head-mounted virtual reality headset. Stimuli consisted of a virtual 540

tunnel in AP-direction, which either remained static (upper right panel) or moved back and forth 541

unpredictably (lower right panel).542

Figure 2:543

Box plots representing mean velocity of CoP (panel A) and CoM (panel B) of all groups under the 544

static condition (SC) (graphically illustrated in C) and mean velocity of CoP (panel D) and CoM (panel 545

E) of all groups under the unpredictable condition (UC), when the tunnel moved unpredictably in the 546

AP direction (graphically illustrated in F). In each plot, red lines indicate the respective group medians. 547

Grey boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, 548

respectively. Black dots indicate data of single subjects within each group. Note the different scaling 549

of panel D as compared to panels A, B, and E.550

Figure 3:551

(A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoP velocities as 552

compared to the static condition for each group. Red lines indicate the respective group medians. Grey 553

boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. 554

Black dots indicate data of single subjects within each group. (B) Net-effect ‘time courses’ of resulting 555

binned mean CoP velocities across time. Black vertical lines indicate stimulus onset (left) and offset 556

(right).557

Figure 4:558

(A) Box plots showing the net effect of the unpredictable tunnel motion on mean CoM velocities as 559

compared to the static condition for each group. Red lines indicate the respective group medians. Grey 560

boxes indicate the 25th (lower edge) and 75th (upper edge) percentiles of each group, respectively. 561

Black dots indicate data of single subjects within each group. (B) Net-effect ‘time courses’ of resulting 562

binned mean CoM velocities across time. Black vertical lines indicate stimulus onset (left) and offset 563

(right).564
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