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1. Abstract 
 

Parkinson’s Disease (PD) constitutes a major healthcare burden in Europe. Accounting for aging 

alone, ~700,000 PD cases are predicted by 2040. This represents an approximately 56% increase 

in the PD population between 2005 and 2040, with a consequent rise in annual disease‐related 

medical costs. Gait and balance disorders are a major problem for patients with PD and their 

caregivers, mainly because to their correlation with falls. Falls occur as a result of a complex 

interaction of risk factors. Among them, Freezing of Gait (FoG) is a peculiar gait derangement 

characterized by a sudden and episodic inability to produce effective stepping, causing falls, 

mobility restrictions, poor quality of life, and increased morbidity and mortality. Between 50–70% 

of PD patients have FoG and/or falls after a disease duration of 10 years, only partially and 

inconsistently improved by dopaminergic treatment and Deep Brain Stimulation (DBS). 

Treatment-induced worsening has been also observed under certain conditions. Effective 

treatments for gait disturbances in PD are lacking, probably because of the still poor 

understanding of the supraspinal locomotor network. 

In my thesis, I wanted to expand our knowledge of the supraspinal locomotor network and in 

particular the contribution of the basal ganglia to the control of locomotion. I believe this is a key 

step towards new preventive and personalized therapies for postural and gait problems in 

patients with PD and related disorders. In addition to patients with PD, my studies also included 

people affected by Progressive Supranuclear Palsy (PSP). PSP is a rare primary progressive 

parkinsonism characterized at a very early disease stage by poor balance control and frequent 

backwards falls, thus providing an in vivo model of dysfunctional locomotor control.  

I focused my attention on one of the most common motor transitions in daily living, the initiation 

of gait (GI). GI is an interesting motor task and a relevant paradigm to address balance and gait 

impairments in patients with movement disorders, as it is associated with FoG and high risk of 

falls. It combines a preparatory (i.e., the Anticipatory Postural Adjustments [APA]) and execution 

phase (the stepping) and allows the study of movement scaling and timing as an expression of 

muscular synergies, which follow precise and online feedback information processing and 

integration into established feedforward patterns of motor control. 

By applying a multimodal approach that combines biomechanical assessments and neuroimaging 

investigations, my work unveiled the fundamental contribution of striatal dopamine to GI in 

patients with PD. Results in patients with PSP further supported the fundamental role of the 

striatum in GI execution, revealing correlations between the metabolic intake of the left caudate 

nucleus with diverse GI measurements. This study also unveiled the interplay of additional brain 

areas in the motor control of GI, namely the Thalamus, the Supplementary Motor Area (SMA), 

and the Cingulate cortex. Involvement of cortical areas was also suggested by the analysis of GI 

in patients with PD and FoG. Indeed, I found major alterations in the preparatory phase of GI in 

these patients, possibly resulting from FoG-related deficits of the SMA. Alterations of the weight 

shifting preceding the stepping phase were also particularly important in PD patients with FoG, 

thus suggesting specific difficulties in the integration of somatosensory information at a cortical 

level. Of note, all patients with PD showed preserved movement timing of GI, possibly suggesting 

preserved and compensatory activity of the cerebellum. Postural abnormalities (i.e., increased 

trunk and thigh flexion) showed no relationship with GI, ruling out an adaptation of the motor 
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pattern to the altered postural condition. In a group of PD patients implanted with DBS, I further 

explored the pathophysiological functioning of the locomotor network by analysing the timely 

activity of the Subthalamic Nucleus (STN) during static and dynamic balance control (i.e., standing 

and walking). For this study, I used novel DBS devices capable of delivering stimulation and 

simultaneously recording Local Field Potentials (LFP) of the implanted nucleus months and years 

after surgery. I showed a gait-related frequency shift in the STN activity of PD patients, possibly 

conveying cortical (feedforward) and cerebellar (feedback) information to mesencephalic 

locomotor areas. Based on this result, I identified for each patient a Maximally Informative 

Frequency (MIF) whose power changes can reliably classify standing and walking conditions. The 

MIF is a promising input signal for new DBS devices that can monitor LFP power modulations to 

timely adjust the stimulation delivery based on the ongoing motor task (e.g., gait) performed by 

the patient (adaptive DBS). 

Altogether my achievements allowed to define the role of different cortical and subcortical brain 

areas in locomotor control, paving the way for a better understanding of the pathophysiological 

dynamics of the supraspinal locomotor network and the development of tailored therapies for 

gait disturbances and falls prevention in PD and related disorders.  
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2. Zusammenfassung 
 

Die Parkinson-Krankheit (PD) stellt in Europa eine große Belastung für das Gesundheitswesen dar. 

Allein unter Berücksichtigung der Alterung werden bis zum Jahr 2040 etwa 700 000 Fälle von 

Parkinson prognostiziert. Dies entspricht einer Zunahme der Parkinson-Population um etwa 56 % 

zwischen 2005 und 2040, was zu einem Anstieg der jährlichen krankheitsbedingten 

medizinischen Kosten führt. Gang- und Gleichgewichtsstörungen sind ein großes Problem für 

Morbus-Parkinson-Patienten und ihre Betreuer, vor allem, weil sie mit Stürzen zusammenhängen. 

Stürze sind das Ergebnis einer komplexen Interaktion von Risikofaktoren. Zu diesen Faktoren 

gehört das Freezing of Gait (FoG), eine besondere Gangstörung, die durch eine plötzliche und 

episodische Unfähigkeit gekennzeichnet ist, einen effektiven Schritt zu machen, was zu Stürzen, 

Mobilitätseinschränkungen, schlechter Lebensqualität und erhöhter Morbidität und Mortalität 

führt. Zwischen 50 und 70 % der Morbus-Parkinson-Patienten haben nach einer Krankheitsdauer 

von 10 Jahren FoG und/oder Stürze, die sich durch dopaminerge Behandlung und Tiefe 

Hirnstimulation (DBS) nur teilweise und uneinheitlich verbessern. Unter bestimmten 

Bedingungen wurde auch eine behandlungsbedingte Verschlechterung beobachtet. Es gibt keine 

wirksamen Behandlungen für Gangstörungen bei Morbus Parkinson, was wahrscheinlich auf das 

noch immer unzureichende Verständnis des supraspinalen lokomotorischen Netzwerks 

zurückzuführen ist. 

In meiner Dissertation wollte ich unser Wissen über das supraspinale Bewegungsnetzwerk und 

insbesondere den Beitrag der Basalganglien zur Steuerung der Fortbewegung erweitern. Ich 

glaube, dass dies ein wichtiger Schritt auf dem Weg zu neuen präventiven und personalisierten 

Therapien für Haltungs- und Gangprobleme bei Patienten mit Parkinson und verwandten 

Erkrankungen ist. Neben Morbus-Parkinson-Patienten wurden in meine Studien auch Menschen 

mit progressiver supranukleärer Lähmung (PSP) einbezogen. PSP ist ein seltener primär 

progressiver Parkinsonismus, der in einem sehr frühen Krankheitsstadium durch eine schlechte 

Gleichgewichtskontrolle und häufige Rückwärtsstürze gekennzeichnet ist und somit ein In-vivo-

Modell für eine gestörte Bewegungskontrolle darstellt.  

Ich habe mich auf einen der häufigsten motorischen Übergänge im täglichen Leben konzentriert, 

die Initiierung des Gangs (GI). GI ist eine interessante motorische Aufgabe und ein relevantes 

Paradigma zur Untersuchung von Gleichgewichts- und Gangstörungen bei Patienten mit 

Bewegungsstörungen, da sie mit FoG und einem hohen Sturzrisiko verbunden ist. Sie kombiniert 

eine Vorbereitungsphase (d. h. die antizipatorischen posturalen Anpassungen [APA]) und eine 

Ausführungsphase (den Schritt) und ermöglicht die Untersuchung der Bewegungsskalierung und 

des Timings als Ausdruck muskulärer Synergien, die einer präzisen und online erfolgenden 

Verarbeitung von Feedback-Informationen und der Integration in etablierte Feedforward-Muster 

der motorischen Kontrolle folgen. 

Durch Anwendung eines multimodalen Ansatzes, der biomechanische Bewertungen und 

bildgebende Untersuchungen kombiniert, hat meine Arbeit den grundlegenden Einfluss des 

striatalen Dopamins auf GI bei Patienten mit Parkinson enthüllt. Die Ergebnisse bei Patienten mit 

PSP untermauerten die grundlegende Rolle des Striatums bei der Ausführung von GI, indem sie 

Korrelationen zwischen der metabolischen Aufnahme des linken Nucleus caudatus und 

verschiedenen GI-Parametern aufzeigten. Diese Studie enthüllte auch das Zusammenspiel 
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weiterer Hirnareale bei der motorischen Kontrolle von GI, nämlich des Thalamus, der 

Supplementary Motor Area (SMA) und des Cingulum-Kortex. Die Beteiligung kortikaler Areale 

wurde auch durch die Analyse der GI bei Patienten mit Parkinson und FoG nahegelegt. In der Tat 

fand ich bei diesen Patienten erhebliche Veränderungen in der Vorbereitungsphase des GI, die 

möglicherweise auf FoG-bedingte Defizite der SMA zurückzuführen sind. Veränderungen der 

Gewichtsverlagerung, die der Schrittphase vorausgeht, waren bei Morbus-Parkinson-Patienten 

mit FoG ebenfalls besonders ausgeprägt, was auf spezifische Schwierigkeiten bei der Integration 

somatosensorischer Informationen auf kortikaler Ebene schließen lässt. Bemerkenswert ist, dass 

alle Morbus-Parkinson-Patienten ein gut erhaltenes Bewegungs-Timing von GI aufwiesen, was 

möglicherweise auf eine ebenfalls gut erhaltene und kompensatorische Aktivität des Kleinhirns 

hindeutet. Haltungsanomalien (d. h. verstärkte Rumpf- und Oberschenkelflexion) standen in 

keinem Zusammenhang mit GI, was eine Anpassung des motorischen Musters an die veränderten 

Haltungsbedingungen ausschließt. Bei einer Gruppe von Morbus-Parkinson-Patienten, denen 

eine DBS implantiert wurde, untersuchte ich die pathophysiologische Funktionsweise des 

lokomotorischen Netzwerks weiter, indem ich die rechtzeitige Aktivität des subthalamischen 

Nucleus (STN) während der statischen und dynamischen Gleichgewichtskontrolle (d. h. Stehen 

und Gehen) analysierte. Für diese Studie habe ich neuartige DBS-Geräte verwendet, die in der 

Lage sind, Stimulationen abzugeben und gleichzeitig lokale Feldpotentiale (LFP) des 

implantierten Nucleus Monate und Jahre nach der Operation aufzuzeichnen. Ich konnte eine 

gehbezogene Frequenzverschiebung in der STN-Aktivität von Morbus-Parkinson-Patienten 

nachweisen, die möglicherweise kortikale (feedforward) und zerebelläre (feedback) 

Informationen an mesenzephale Bewegungsbereiche weiterleitet. Auf der Grundlage dieses 

Ergebnisses habe ich für jeden Patienten eine maximal informative Frequenz (MIF) identifiziert, 

deren Leistungsänderungen eine zuverlässige Klassifizierung von Steh- und Gehzuständen 

ermöglichen. Die MIF ist ein vielversprechendes Eingangssignal für neue DBS-Geräte, die LFP-

Leistungsmodulationen überwachen können, um die Stimulationsabgabe zeitnah an die laufende 

motorische Aufgabe (z. B. Gehen) des Patienten anzupassen (adaptive DBS). 

Insgesamt ist es mir gelungen, die Rolle verschiedener kortikaler und subkortikaler Hirnareale bei 

der Bewegungskontrolle zu definieren. Dies ebnet den Weg für ein besseres Verständnis der 

pathophysiologischen Dynamik des supraspinalen Bewegungsnetzwerks und die Entwicklung 

maßgeschneiderter Therapien für Gangstörungen und Sturzprävention bei Morbus Parkinson 

und verwandten Erkrankungen. 
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3. Introduction 
 

The overarching goal of my research activities was to investigate the pathophysiological 

alterations of the supraspinal locomotor network at gait initiation (GI) in subjects with 

Parkinson’s Disease (PD) and related disorders.  

I specifically focused on GI as it is a critical transition task that is highly demanding in terms of 

balance maintenance. Additionally, specific neurological symptoms in PD and other 

parkinsonisms are related to GI, e.g., Freezing of Gait (FoG) at GI (start hesitation) [1]–[3]. FoG is 

among the most disabling problems for parkinsonian patients and their caregivers, causing falls, 

mobility restrictions, poor quality of life, and increased morbidity and mortality leading to a high 

economic burden [1], [2], [11]–[13], [3]–[10]. 

Despite several studies aimed at identifying the biomechanical alterations of GI in PD, [14]–[22] 

results are controversial. In PD patients suffering from freezing of gait, clinical evidence points 

towards specific alterations of GI [23]–[25], but previous studies failed to prove consistent 

freezing-related alterations of GI [26]–[28]. The pathological mechanisms underlying FoG at GI 

remain indeed still elusive [25] and require further investigations. The influence of confounding 

factors (i.e., anthropometric measurements, initial stance condition, medication condition and 

cues) on motor performance has consistently been neglected and may constitute the grounds 

for the poor agreement on the topic in the scientific literature. A better understanding of PD- and 

freezing-related biomechanical alterations at GI may offer an insight into the underlying 

pathophysiological mechanism, promoting the development of tailored and effective therapies.  

Neuroimaging investigations may help greatly in this regard. Indeed, the supraspinal areas related 

to alterations at GI in patients with PD and related disorders are still largely unknown. Specifically, 

the contribution of striatal dopamine in the execution of the task has not been fully unveiled yet 

[29]–[36]. Elucidating the role of striatal dopamine in GI and identifying the brain areas related to 

postural alterations would assist in deepening our knowledge of motor networks specifically 

responsible for balance maintenance and their pathophysiological functioning.  

Of relevance, GI represents an interesting paradigm to study a centrally-mediated motion 

achieved in a structured, controlled manner, including feedforward signals, such as Anticipatory 

postural adjustments (APA) [37], [38]. Studying specific neural derangements related to APA 

production and execution may elucidate the top-down functioning of the supraspinal locomotor 

network. Additionally, this would facilitate the identification of new gait-related biomarkers to be 

used as input signals for a timely adaptation of DBS paradigms. Feedforward motor control is a 

perfect candidate as a biomarker for adaptive DBS protocols, as intervening at the earliest stage 

of the movement, when feedback-based corrections are still not possible [9], [39]–[41], thus 

allowing a prompt adaptation of the stimulation to the upcoming motor activity in a predictive 

manner. As a first step towards the identification of a neural biomarker for GI, I characterized the 

STN activity during standing and forthcoming linear steady-state walking. The few studies 

available on the topic showed several limitations and conflicting results [42]–[50] and the neural 

dynamics of deep brain structures underlying locomotor control remained still poorly 

understood. The limitations of the deep brain recording device available at the time of this study 

(i.e., PC+S, Medtronic PLC) combined with the short duration of the GI transition (in the 

investigated populations of about 0.4s) prevented the acquisition of a sufficient numbers of GI 
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trials to reliably identify the neural dynamics related to this task. Newly available devices (i.e., 

Percept PC [Medtronic PLC] [51] or AlphaDBS [Newronika S.r.l.] [52], [53]) may allow the 

recordings of deep brain structures also during GI trial. The biomarkers of standing and walking, 

here identified, provided relevant preliminary data for future studies investigating the neural 

dynamics underlying GI and modulation of locomotion.  
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4. State of the Art 
 

4.1. Biomechanics of gait initiation 

 

GI is the transient state between standing and walking [33]. GI is of fundamental importance 

during daily life activities, as it allows a switch from a static to a dynamic condition. It is one of the 

first voluntary destabilizing motor tasks observed along the development of the locomotor 

pattern [54] as it allows the interaction of the subject with the surroundings [55]. During GI the 

Centre of Mass (CoM), the barycenter of the subject, is intentionally dislocated from a large to a 

narrow Base of Support (BoS) to propel forward movement [38], [56], [57]. 

GI is a highly challenging task for the balance control system and it has been extensively studied 

as a paradigm of balance control in healthy young subjects [37], [58]–[64], elderly people [4], 

[17], [54], [65]–[70], and subjects with varying neurological disorders [71]–[75], especially PD [1], 

[13], [65], [71], [76], [16], [18], [30], [32], [33], [35], [38], [56].  

 

The stepping phase of the GI is preceded by stereotyped muscular activities called APA [37], [59], 

[62], [63], [77], aiming to destabilize the antigravitary postural set via misalignment between the 

Centre of Pressure (CoP) and the CoM to generate a gravitational moment favoring CoM forward 

acceleration [62]–[64]. The action mechanism of APA can be described with the inverted 

pendulum model for human posture [78]. Disregarding the action of inertia, during upright 

posture the only external forces exerted to the body are the Body Weight (BW) and the Ground 

Reaction Force (GRF), applied to the CoM and the CoP, respectively (Figure 1). These two forces 

have the same module but opposite orientation and act mainly towards the vertical direction. 

Accordingly, a standing subject can be modelled with an inverted pendulum with a mass equal to 

the mass of the whole body, concentrated in a unique point corresponding to the position of the 

CoM, and supported by a rigid rod without any mass. Only the sagittal plane only is considered, 

as during standing and GI the forces act mostly along the anterior-posterior (AP) and vertical 

directions. The rod is free to rotate clockwise or counterclockwise around the flexion-extension 

axis of a hinge, representing both ankle joints (Figure 1). Of relevance, during upright standing 

the GRF is anterior to the ankle joints, thus provoking a dorsiflexor moment acting on the foot. 

This moment is counteracted by the action of the plantarflexor muscles (i.e., soleus and 

gastrocnemius), which generate an equal and opposite moment on the foot and in turn a moment 

on the leg equal to the external one. In the inverted pendulum model, the action of the 

plantarflexor muscles can be represented by a rotational actuator placed coaxially with the hinge 

and providing a moment equal to the one of the GRF to the rod (Figure 1). 

 

The inverted pendulum model represents an intrinsically unstable equilibrium, as the only 

condition for achieving balance is a perfect alignment of the BW on the vertical axis of the 

pendulum, and even small shifts of the mass from the vertical line generates a forward/backward 

acceleration of the body [79].During quiet standing, small movements due to respiration, 

heartbeat, blood flow etc. perturbate continuously the position of the CoM over time, thus 

provoking a constant misalignment between the lines of action of the BW and GRF [79]. By 

applying the condition for dynamic rotational equilibrium in an instant in which the pendulum is 

moving, the variables result to be related as follows: 
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−𝐺𝑅𝐹 ∙ 𝑝 + 𝑚 ∙ (𝑔 + �̈�) ∙ 𝐿 ∙ 𝑠𝑖𝑛(𝛼) − 𝑚 ∙ �̈� ∙ 𝐿 ∙ 𝑐𝑜𝑠(𝛼) = 0 

 

where p is the AP distance between the ankle rotation and the application point of the GRF, m 

the mass of the subject, g the gravitational acceleration, �̈� the vertical acceleration of the mass 

of the pendulum, L the length of the pendulum, α the angle of inclination of the pendulum and �̈� 

Figure 1: The inverted pendulum model for upright posture. During standing, the main forces acting on 
the body are the BW and the GRF. Accordingly, the human body can be modelled as a point mass equal 
to the mass of the subject and concentrated at CoM location, supported by a rod of length L, 
approximately equal to the limb length, free to rotate around a hinge clockwise or counterclockwise. A 
small shift of the mass from the vertical direction causes a forward/backward acceleration of the mass, 
proportional to the angle α of deviation of the rod with respect to the vertical. A rotational actuator 
coaxial to the hinge represents the moment applied by the plantarflexor muscles on the leg, equal to 
the external moment generated by the GRF. 
Abbreviations: 𝛼, �̇�, �̈�: inclination of the rod with respect to the vertical line, angular velocity and 
acceleration of the rod; BW: Body Weight; CIR: Centre of Instantaneous Rotation; CoM: centre of mass; 
CoP: centre of pressure; d: anterior-posterior distance between ankle join centre and CoM projection; 
GRF: Ground Reaction Force; p: anterior-posterior distance between ankle join centre and CoP; L: length 
of the pendulum; MA: moment generated by the actuator; 𝑥, �̇�, �̈�: horizontal position, velocity, and 
acceleration of the CoM; 𝑦, �̇�, �̈�: vertical position, velocity, and acceleration of the CoM. 
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the horizontal acceleration of the CoM (Figure 1). BW was expressed as the product between the 

mass m and the gravitational acceleration g. 

 

It is possible to relate the vertical and horizontal position, velocity, and acceleration of the mass 

to the angle of rotation α of the pendulum as follows: 

 

𝑦 = 𝐿 𝑐𝑜𝑠(𝛼);       �̇� =  −𝐿 �̇� sin(𝛼);     �̈� =  −𝐿 �̈� sin(𝛼) − 𝐿 �̇�2 cos(𝛼) 

𝑥 = 𝐿 𝑠𝑖𝑛(𝛼);       �̇� =  𝐿 �̇� cos(𝛼);     �̈� =  𝐿 �̈� cos(𝛼) − 𝐿 �̇�2 sin(𝛼) 

 

By inserting these relations in the condition for rotational equilibrium, the expression can be 

simplified as follows [79]:  

 

𝑚 ∙ 𝑔 ∙ 𝑑 − 𝐺𝑅𝐹 ∙ 𝑝 = 𝑚 ∙ 𝐿2 ∙ �̈� 

 

where d is the moment arm of the BW (mg), corresponding to the AP distance between the CoM 

and the ankle joint center, mL2 is the moment of inertia I of the concentrated body mass about 

the ankle joint, and �̈� the angular acceleration of the inverted pendulum. Specifically, 

disregarding the vertical component of the inertial force (the vertical acceleration is negligible in 

the present conditions) we can assume GRF equal to BW, so that: 

 

𝑚𝑔(𝑑 − 𝑝) = 𝐼�̈� 

 

It appears that the shift between the position of the CoM and CoP generates a proportional 

angular acceleration of the rod , which in turn corresponds to AP acceleration of the CoM [78]. 

The angular acceleration of the CoM can be approximated as �̈� =
�̈�

𝐿
 , thus leading to the following 

equation: 

 

𝑑 − 𝑝 =
𝐼

𝑚𝑔𝐿
�̈� 

𝑑 − 𝑝 = 𝐾�̈� 

where K is a constant feature of the pendulum and equal to 
𝐼

𝑚𝑔𝐿
 , which can be expressed as 

𝐿

𝑔
 . 

This equation underlines the proportionality relationship between the forward acceleration of 

the CoM and the distance between CoM and CoP (d-p), a key variable for the postural control. To 

maintain balance over time, the central postural command is able to shift the position (p) of the 

CoP, constantly adapting it to timely counteract the movements of the CoM and the consequently 

applied torque to the CoM [78]–[83]. If d is higher than p, the body experiences a clockwise 

angular acceleration α (Figure 2, panel B) [78]. As the corresponding clockwise angular velocity 

α ̇ increases, the subject counteracts the perturbation by shifting the CoP anterior to the CoM 

projection (Figure 2, panel C). As a result, d becomes lower than p, thus changing the sign of α 

and decreasing ω till its reversal. In this way, the body starts experiencing a backward 

acceleration. The postural control reacts by shifting the CoP backward, posterior to the CoM 

projection (Figure 2, panel D). The angular acceleration α is now reversed and α ̇ consequently 

decreases till changing sign and a clockwise rotation is again experienced. In this continuous 
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process, the movements of the CoP constrain the CoM projection always inside the BoS and 

balance is dynamically maintained (Figure 3).  

Therefore, even if the instant position of CoP and CoM do not correspond, their average value 

over time is the same, thus ensuring stability. CoP displacement during upright standing is 

measurable by means of dynamometric force plates (Figure 3), which are able to detect with high 

spatial and temporal resolution CoP position over time and the GRF exchanged with the floor by 

the subject (see paragraph 6.3.1). Balance control is regulated by central postural commands by 

means of two main strategies: the “ankle strategy” and the “hip strategy”. These two paradigms 

primarily rely on the activity of the muscles acting on the ankle joints and on trunk rotation around 

the hips, respectively. During quiet physiological standing, there is evidence for a predominance 

of the “ankle strategy” in the modulation of the CoP displacement, while the “hip strategy” 

Figure 2:  A) Schematic representation of the inverted pendulum model in static condition. BW and GRF 
are equal and contrary, and the net applied momentum is zero. B) When the CoM projection is anterior to 
the CoP, a net momentum and a consequent angular acceleration α is applied to the body in the clockwise 
direction, and the CoM accelerates forward. Consequently, the body gains an angular velocity α ̇ in the 
same direction. C) The central postural control responds to the forward CoM displacement by shifting the 
CoP anterior to the CoM projection. In this way, a counterclockwise angular acceleration α is applied to 
the body, which decreases the angular velocity α ̇   D) When the angular velocity α ̇ changes sign, the 
postural control acts by displacing again the CoP backwards, to restore the initial condition (B). The 
process is continuous along the maintenance of the standing posture. 
Abbreviations: α: angular acceleration of the body; �̇�: angular velocty of the body; BW: Body Weight; CIR: 
Centre of Instantaneous Rotation; CoM: centre of mass; CoP: centre of pressure; d: anterior-posterior 
distance between ankle joint centre and CoM projection; GRF: Ground Reaction Force; p: anterior-
posterior distance between ankle join centre and CoP. 
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seems more involved in the response to large and fast perturbations (e.g., displacement of the 

support). Specifically, during upright posture the movement of the CoP in the AP direction is 

mainly modulated by the activity of the triceps surae (gastrocnemius and soleus muscles), whose 

increment/decrement provokes a forward/backward shift of the CoP [80].  

The projection of the CoM during standing always falls anterior to the ankle joint, at an average 

distance equal to the 24±5% of the foot length [81]. Accordingly, during upright posture the 

gastrocnemius shows a tonic activity, which maintain the CoP average position in the 

mid/forefoot area, in correspondence to the CoM projection. Gatev and colleagues showed that 

the activity of the lateral gastrocnemius correlates with the sway of both CoP and CoM [80]. Of 

interest, the gastrocnemius muscle activates when the CoM is anterior to the CoP, in 

correspondence to a forward momentum and consequent muscle loading, and relaxes when the 

CoM is posterior to the CoP, when the ankle dorsiflexor muscles are unloaded [80]. This data 

agrees with the “climbing hill” model, which assumes that “a muscle contracts when loaded and 

stays contracted until unloaded” [80], [82]. Of relevance, the sway of CoP and CoM showed to 

be maximally correlated at a phase shift of zero degrees, while the modulation of the activity of 

the gastrocnemius was correlated to both CoP and CoM excursion in a predictive manner (with a 

phase shift ranging from 300 to 100 ms) [80], [83]. These findings suggest the presence of 

Figure 3: CoP and CoM oscillation in the transversal plane during quiet upright standing of a healthy subject 
(blue and red line, respectively). The shown CoP track was acquired with dynamometric force plates, while 
CoM movements were detected with a motion capture system. See paragraph 6.36.4.1 for further details. 
The sway of the CoP confines the CoM projection inside a very small area included in the BoS, avoiding 
balance loss. For ensuring balance maintenance, CoP dynamic range must be wider with respect to the 
CoM displacement. Of interest, the main direction of oscillation is the anterior-posterior, but medio-lateral 
oscillations are also present. 
Abbreviations: AP: anterior-posterior; BoS: Base of Support; CoM: centre of mass; CoP: centre of pressure; 
ML: medio-lateral. 
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feedforward mechanisms for postural control, adopted in combination with feedback loops [80], 

[84]. 

 

The “hip mechanism” becomes of fundamental relevance when extending the inverted 

pendulum model to the frontal plane. Indeed, while in the sagittal plane it is possible to represent 

the action of the two ankles as a unique moment, in the frontal plane it is necessary to consider 

the action of the two limbs separately, each having its own interaction with the ground (Figure 

4) [78], [79]. With regards to the “hip strategy”, hip muscles are mainly responsible for the 

loading/unloading process of the two limbs during upright standing. Specifically, the lateral shift 

of the CoM towards one limb can be obtained by the contraction of the ipsilateral hip abductor 

muscles or contralateral hip adductor muscles. The action mechanism of the hip muscles causes 

a dynamic variation over time of weight distribution between the two limbs. In particular, the 

loading of each foot is in antiphase with respect to the other one: when the load on one foot is 

increased, the other foot will be unloaded of the same amount. The CoPnet resultant from the 

separate action of the two limbs can be calculated by applying the condition for rotational 

equilibrium with respect to a reference point to the system (Figure 4) [78], [79]: 

 

𝐶𝑜𝑃𝑛𝑒𝑡(𝑡)𝐺𝑅𝐹(𝑡) = 𝐶𝑜𝑃𝐿(𝑡)𝐺𝑅𝐹𝐿(𝑡) + 𝐶𝑜𝑃𝑅(𝑡)𝐺𝑅𝐹𝑅(𝑡) 

 

where GRFL and GRFR are the GRF under the left and right foot, respectively, and GRFL and GRFR 

their point of application with respect to the reference point considered. As GRF = GRFL + GRFR, 

we can rephrase the equation as follows: 

 

𝐶𝑜𝑃𝑛𝑒𝑡(𝑡) = 𝐶𝑜𝑃𝐿(𝑡)
𝐺𝑅𝐹𝐿(𝑡)

𝐺𝑅𝐹𝐿(𝑡) + 𝐺𝑅𝐹𝑅(𝑡)
+  𝐶𝑜𝑃𝑅(𝑡)

𝐺𝑅𝐹𝑅(𝑡)

𝐺𝑅𝐹𝐿(𝑡) + 𝐺𝑅𝐹𝑅(𝑡)
 

 

The CoPnet is therefore the result of the combined action of four different time-dependent 

variables, each of them controlled by a different set of muscles. Specifically, while the GRF are 

controlled by the hip muscles, the CoPL and CoPR are regulated by the activity of the 

eversion/inversion ankle muscles [79]. To disentangle the contribution of the ankle and hip 

muscles on the determination of the CoPnet position, it can be hypothesized that in the presence 

of a perfectly symmetric load distribution between the two legs, its position will be determined 

only by the action of the ankle muscles: 

 

𝐶𝑜𝑃𝑎𝑛𝑘𝑙𝑒(𝑡) = 𝐶𝑜𝑃𝐿(𝑡)0.5 + 𝐶𝑜𝑃𝑅(𝑡)0.5 

 

As the CoPnet is the sum between the separate actions of the ankle and hip muscles, the 

contribution of the loading/unloading mechanisms acted by the hip abduction/adduction can be 

estimated by subtracting from the recorded CoPnet position the contribution given by the ankle 

muscles [78], [79]: 

 

𝐶𝑜𝑃ℎ𝑖𝑝(𝑡) = 𝐶𝑜𝑃𝑛𝑒𝑡(𝑡) − 𝐶𝑜𝑃𝑎𝑛𝑘𝑙𝑒(𝑡) 

 

Of relevance, the action of the left and right ankle muscles is highly synchronized in the AP 

direction, as demonstrated by the zero-phase lag between the CoPL and CoPR AP displacement. 
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The CoPnet position in the AP direction lies in between the CoPL and CoPR tracks, thus showing that 

the “ankle strategy” plays a major role in the regulation of the CoP AP position. Conversely, the 

mechanism of loading/unloading acted by the hip muscles are majorly responsible for CoP 

movement in the ML direction [78], [79]. 

 

Control of the CoP displacement is not only essential for balance maintenance during standing, 

but also for gait propulsion [78], [79]. Specifically, GI is characterized by a stereotyped muscular 

activity (APA) causing specific CoP movements aimed at promoting the forward acceleration of 

the CoM and unloading the swing foot (i.e. the foot which is going to execute the first step) while 

efficiently maintaining balance [66]. As the increment of the GRF is obtained by a displacement 

of the CoP rather than by moving the CoM, the central nervous system is able to deal with an 

intrinsically unstable transition with a controlled and efficient mechanism [66]. From their first 

description by Carlsöö in 1966 [85], physiological APA at GI have been widely characterized in 

literature in terms of muscular, dynamic and kinematic resultants (Table 1). With regards to the 

electromyographic (EMG) activity, the earliest researches on APA at GI aimed at describing the 

patterns of the muscles of the lower limbs [85]–[89]. These authors described the fundamental 

role of the muscles acting on the ankle joints for the plantarflexion and dorsiflexion of the foot 

(i.e. soleus, gastrocnemius and tibialis anterior) in driving the CoP movements at GI, also 

Figure 4: Inverted pendulum model in the frontal plane. The two ankles are represented as separated 
hinges providing their own moments to the two rods modelling the lower limbs. The total CoP (CoPnet) is 
the weighted sum of the CoP of the two feet. The position of the CoM in the ML direction and the resulting 
GRF are regulated by the action adduction/abduction hip muscles. 
Abbreviations: BW: Body Weight; CoM: Centre of Mass; CoPnet: Centre of Pressure; CoPL: Centre of Pressure 
under the left foot; CoPR: Centre of Pressure under the right foot; GRF: Ground Reaction Force; GRFL: 
Ground Reaction Force under the left foot; GRFR: Ground Reaction Force under the right foot; M: Moment; 
ML: medio-lateral. 
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confirmed by later studies [10], [62], [66], [69], [81], [90]. However, a synchronized activity was 

recorded also in more proximal muscles the rectus femoris, the biceps femoris, and the gluteus 

[69], [81]. During quiet stance, the soleus, the gastrocnemius, and, to a lesser degree, the biceps 

femoris are tonically active [62], [66], [81], [90].  

 

APA starts with a bilateral silencing of the soleus and gastrocnemius (Figure 5) [62], [66], [81], 

[90] [62], [66], [81], [90], the latter more visible and less variable in the stance leg, as the 

gastrocnemius and soleus of the swing limb frequently continue to fire also after the onset of the 

APA [81]. The biceps femoris is bilaterally inhibited synchronously with the soleus and 

gastrocnemius [81]. The silencing of the soleus is tightly coupled with the subsequent bilateral 

activation of the tibialis muscles (Figure 5) after a temporally invariant interval of about 100-

150ms [62], [81]. The rectus femoris mimics the activity of the tibialis, starting to fire just a few 

milliseconds after its activation [81]. The muscular synergy, including the silencing of the 

soleus/gastrocnemius and the re-activation of the tibialis anterior, generates a backward 

displacement of the CoP directed towards the swing foot (Figure 5) [62]. This first phase 

characterizing the APA is called imbalance (IMB, Figure 6) and is able to generate a controlled 

forward falling by providing the CoM the forward momentum needed to progress. It also allows 

the CoM to accelerate towards the stance foot, thus leading to the unloading of the swing limb 

[81]. The gastrocnemius and soleus of the swing leg are then activated again (Figure 5), at about 

200ms after the activation of the tibialis anterior. This second burst of activity of the plantarflexor 

muscles is responsible for the subsequent CoP displacement towards the stance foot, called 

unloading (UNL) phase (Figure 6) [81]. Last, the soleus and gastrocnemius of the stance limb are 

activated as well to provide a push off and prepare the leg for leaving the ground [81].  

 

The stereotyped displacement of the CoP during APA at GI (Figure 6) is a hallmark of the GI motor 

task, and one of the most studied measurements in the assessment of this motor task (Table 1). 

In the transversal plane it is possible to identify the IMB phase as the first displacement of the 

CoP, from the onset of the APA to the maximum ML displacement towards the swing foot, which 

roughly corresponds to the heel off of the swing foot (Figure 6) [19], [38], [90]. The subsequent 

movement of the CoP towards the stance foot represents the UNL phase, which goes from the 

heel off of the swing limb to the instant of change of direction of the CoP under the stance foot 

from mainly lateral to mainly anterior motion. It approximately corresponds to the swing toe off 

and the beginning of the single support phase (Figure 6) [19], [38], [90]. After APA execution, it 

is possible to identify the stepping phase as the period in which the CoP trave ls under the stance 

foot from the swing to the stance toe off, identified as the end of GI (Figure 6) [19], [38], [90]. 

The movement of the CoP during APA has been characterized in terms of displacement, average 

and maximum velocity during the IMB and UNL phases. Specifically, the CoP movement during 

the IMB phase has received particular attention as expressions of the integrity of feedforward 

motor control [37]. 
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The kinematic outcomes of GI were thoughtfully characterized as well, first with 

electrogoniometers (EG) applied at the ankles, knees, and hips [86], [87], [91], [92], 

accelerometers [93], [94], and later with motion capture systems [62], [69], [101]–[110], [81], [88], 

[95]–[100]. Even in the absence of direct kinematic measurements, several studies estimated the 

movement of the CoM, the most relevant kinematic resultant of GI, with force plate data [60], 

[61], [116]–[121], [63], [93], [94], [111]–[115] by applying the Euler’s scheme, described first by 

Philips and colleagues [122]. The CoM was characterized by its position, velocity, and acceleration 

at the end of APA, as well as its relationship with the displacement of the CoP. The interplay 

between the CoP and the CoM is indeed fundamental for effective balance control, especially 

during dynamic transitions [123]. The length, velocity, and acceleration of the first step have also 

been extensively monitored and quantified as main outcomes of GI and indexes of the motor 

performance [69], [98], [120], [121], [124]–[129], [99], [102], [103], [106]–[109], [113]. Table 1 

summarizes the main studies conducted on GI of healthy subjects from the first description of 

APA [85] to the current year, describing the techniques and main outcome measurements 

adopted in each study for the investigation of this task. 

Figure 6: The typical displacement of the CoP (grey line) and the resultant movement of the CoM (red 
dashed line) during a GI trial of a healthy subject. In this trial, the left is the swing foot, i.e., the foot adopted 
to perform the first step. At GI, the CoP moves first backwards and towards the swing foot (IMB). The IMB 
phase ends when the CoP reaches its most ML position towards the swing foot and corresponds 
approximately to the heel off of the swing limb (HOSW). The first displacement of the CoP generates a 
moment arm able to accelerate the CoM forward and towards the stance limb. After the HOSW, the CoP 
starts moving towards the stance foot, thus allowing the swing foot to leave the ground (UNL). The IMB 
and UNL phases constitute the APA at GI. The UNL phase terminates with the swing foot toe off (TOSW), 
when the CoP changes its direction and proceeds along the stance foot till the last frame of contact of the 
foot with the force plate, i.e., the toe off of the stance foot (TOST). 
Abbreviations: APA: anticipatory postural adjustments; AP: anterior-posterior; CoM: centre of Mass; CoP: 
centre of pressure; GI: gait initiation; HO: heel off; IMB: imbalance; ML: medio-lateral; ST: stance; SW: swing; 
UNL: unloading. 
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approximate 

the CoM 

GI from 

upright 

position 

10 (23-52) 

Yamashita 

19
76

 

no 

one force 

plate; GRF 

changes 

foot switches 

GI from 

upright 

position 

4 (23-34) 

Mann 

19
79

 8 channels for 

onset and 

cessation 

one force 

plate; GRF and 

COP changes 

3D kinematics 

of the hips, 

knees, ankles 

GI from 

upright 

position 

10 (19-43) 

Brenière 

19
8

1 

15 channels for 

timing 

postural 

responses 

one force 

plate; GRF 

changes 

no 

GI from 

upright 

position 

7 (NA-NA) 

Do 

19
8

2 

no 

one force 

plate; GRF 

changes 

no 

GI from 

upright 

position; from 

5° and 35° 

trunk 

inclination 

8 (NA-NA) 

Brenière 

19
8

6
 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position at 

three speeds 

6 (25-35) 

Brenière 

19
8

7 

no 

one force 

plate; GRF and 

COP changes 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position at 

three speeds 

5 (25-35) 
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Brenière 

19
8

8
 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate and five 

accelerometer

s 

GI from 

upright 

position at 

three speeds 

1 (NA) 

Nissan 
19

9
0

 
no 

two force 

plates; GRF 

changes 

3D lower limbs 

kinematics 

GI from 

upright 

position 

15 (22-62) 

Brenière 

19
9

1 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

three step 

lengths 

6 (25-35) 

Brunt 

19
9

1 

2 channels for 

onset and 

cessation 

one force 

plate; GRF 

changes 

3D pelvis 

kinematics 

GI from 

upright 

position at 

three speeds 

9 (18-40) 

Crenna 

19
9

1 2 channels for 

onset and 

cessation 

one force 

plate; GRF and 

COP changes 

3D full body 

kinematics 

GI from 

upright 

position, rising 

on toes, sit to 

stand, throw, 

catch, and 

forward bend 

of trunk 

events 

6 (22.5±1.5) 

Brenière 

19
9

2 

no 

one force 

plate; CoP 

displacement 

accelerometer

s at the hips 

and shoulders; 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position 

5 (NA-NA) 

Gormley 

19
9

3 

no no 
EG at the 

knees 

GI from 

upright 

position 

8 (19.2±1.4) 

Jian 

19
9

3 

no 

three force 

plates; CoP 

displacement; 

moment at 

ankle, knee, 

and hip 

3D full body 

kinematics; 

CoM 

estimation 

GI from 

upright 

position 

4 (25-31) 

Patla 

19
9

3 

no 

one force 

plate and 

pressure-

sensitive 

mats; GRF 

changes 

no 

GI with a step 

forward, 

backward, and 

lateral 

23 (63-79) 

12 (17-21) 
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Elble 

19
9

4
 4 channels for 

onset and 

cessation 

two force 

plates; CoP 

displacement 

3D full body 

kinematics; 

CoM 

estimation 

GI from 

upright 

position 

12 (20-82) 

Lepers 

19
9

5 

2 channels for 

onset and 

cessation 

one force 

plate; 

calculation of 

the ankle and 

gravitational 

moments  

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position at 

three speeds 

5 (26±3) 

Miller 

19
9

6
 

no 

two force 

plates; GRF 

for steps 

identification 

3D unilateral 

full body 

kinematics; 

CoM 

estimation for 

the calculation 

of energy and 

work 

GI from 

upright 

position 

7 (23.6±2.3) 

Brunt 

19
9

9
 2 channels for 

onset and 

cessation 

two force 

plates; GRF 

changes for 

phases 

identification 

2D foot 

clearance 

estimation and 

foot switches 

GI from 

upright 

position over a 

ruler and an 

obstacle 

10 (21-34) 

Brunt 

20
0

0
 2 channels for 

onset and 

cessation 

two force 

plates; GRF 

changes 

foot switches 

GI from 

upright 

position at fast 

velocity hitting 

different 

targets with 

the foot 

10 (21-34) 

Couillandre 

20
0

0
 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position at 

three different 

speeds and 

with heels 

slightly off the 

ground 

6 (NA-NA) 

Rogers 

20
0

1 

no 

two force 

plates; CoP 

displacement 

no 

GI from 

upright 

position with a 

light, sound, or 

a cutaneous 

cue 

15 (23-47) 

35 (64-86) 

Patchay 

20
0

3 

no 

two force 

plates; GRF 

and COP 

changes 

3D right limb 

kinematics 

GI from 

upright 

position and 

with 

asymmetric 

loading of the 

limbs 

10 (38.1±8.4) 
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Hass 

20
0

4
 

no 

one force 

plate; CoP 

displacement 

no 

GI from 

upright 

position 

before and 

after Tai Chi 

training 

50 

(79.6±5.8) 

Mickelborough 
20

0
4

 3 channels for 

onset and 

cessation 

one force 

plate; CoP 

displacement 

3D foot 

kinematics 

GI from 

upright 

position 

21 

(65.8-75.8) 

Brunt 

20
0

5 

3 channels for 

onset and 

cessation 

two force 

plates; GRF 

changes 

no 

GI from 

upright 

position and 

with various 

obstacles 

9 (62-82) 

9 (63-84) 

Henriksson 

20
0

5 

2 channels for 

onset and 

cessation 

four force 

plates; GRF 

changes 

3D foot 

kinematics 

GI from 

upright 

position with 

self-chosen 

and imposed 

swing limb 

28 (23-40) 

29 (65-79) 

Gélat 

20
0

6
 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements

accelerometer 

on the swing 

foot 

GI from 

upright 

position and 

stepping to a 

new level 

8 (23-33) 

Hiraoka 

20
0

7 

2 channels for 

onset and 

cessation 

no 
EG on the 

swing ankle 

GI from 

upright 

position as 

fast as 

possible 

7 (20-30) 

Park 

20
0

9
 5 channels for 

onset and 

cessation 

four force 

plates; CoP 

displacement 

3D lower limb 

kinematics; 

CoM 

estimation; 

hips, knees and 

ankles joint 

angles 

GI from 

upright 

position 

20 (21-28) 

Chastan 

20
10

 2 channels for 

onset and 

cessation 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

different 

sensory inputs 

and with gait 

termination 

after the first 

and second 

step 

22 

(37.9±12.2) 
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Queralt 

20
10

 5 channels for 

onset and 

cessation 

no foot switches 

GI from 

upright 

position with 

various cues 

8 (23-50) 

Dessery 
20

11
 2 channels for 

onset and 

cessation 

two force 

plates; CoP 

displacement 

3D full body 

kinematics; 

CoM 

estimation; 

evaluation of 

the first step 

and trunk 

inclination 

GI from 

upright 

position with 

the dominant 

and non-

dominant limb 

24 (25.3) 

Gélat 

20
11

 

no 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

pleasant and 

unpleasant 

images 

15 (20-32) 

Martin 

20
11

 

no 

one force 

plate; CoP 

displacement 

no 

GI from 

upright 

position with 

and without a 

cognitive 

interference 

task 

128 

(60-86) 

Delval 

20
12

 

3 channels for 

auditory 

reflex, visual 

reflex and 

movement 

onset 

two force 

plate; CoP 

displacement 

3D swing foot 

kinematics 

GI from 

upright 

position with 

different 

acoustic and 

visual signals 

15 (22-27) 

(1st-3rd 

quartile) 

Caderby 

20
13

 

no 

two force 

plates; CoP 

displacement; 

first step 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

changes in 

body weight 

distribution 

15 (21±2) 

Leteneur 

20
13

 

no 

two force 

plates; GRF 

and CoP 

changes; 

moment at 

ankle, knee, 

hip, and L5 

vertebra; 

impulse 

3D full body 

kinematics; 

CoM 

estimation; 

trunk 

inclination 

GI from 

upright 

position with 

different trunk 

inclinations 

25 

(26.5±6.0) 

Caderby 

20
14

 

no 

two force 

plates; CoP 

displacement; 

impulse; first 

step 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

an additional 

load 

19 

(20.3±9.1) 
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Hiraoka 

20
14

 

no 

one force 

transducer; 

CoP 

displacement 

no 

GI from 

upright 

position with 

preferred and 

externally 

selected swing 

limb 

11 (31±2.0) 

Mille 

20
14

 
6 channels for 

onset and 

cessation and 

responses to 

perturbations 

two force 

plates; CoP 

displacement 

3D full body 

kinematics; 

CoM 

estimation; 

first step 

GI from 

upright 

position as 

fast as 

possible with 

postural 

perturbations 

11 (21-29) 

Muir 

20
14

 

no no 

3D lower limb 

kinematics; 

characterizatio

n of the first 

four steps 

GI from 

upright 

position 

19 (20–25) 

11 (65–79) 

18 (80–91) 

Hiraoka 

20
15

 

no 

one force 

transducer; 

CoP 

displacement 

no 

GI from 

upright 

position with 

different 

acoustic 

signals 

12 

(27.0 ± 2.6) 

Khanmohammadi 

20
15

 8 channels for 

onset and 

cessation 

one force 

plate; CoP 

displacement 

no 

GI from 

upright 

position after 

an acoustic 

stimulus 

16 (26.12±3.1) 

15 (71.03±2.7) 

Khanmohammadi 

20
16

 8 channels for 

onset and 

cessation 

one force 

plate; CoP 

displacement 

no 

GI from 

upright 

position as 

soon as 

possible after 

an acoustic 

stimulus 

16 

(26.12±3.1) 

15 

(71.03±3.7) 

Caderby 

20
17

 

no 

two force 

plates; CoP 

displacement; 

first step 

CoM 

estimation 

from force 

plate 

measurements

; margin of 

stability 

GI from 

upright 

position at 

three different 

speeds 

13 (27±6) 

Lu 

20
17

 

no 

sensorized 

mat; CoP 

displacement 

no 

GI from 

upright 

position 

157 (20-79) 

Mizusawa 

20
17

 

no 

one force 

plate; CoP 

displacement 

no 

GI from 

upright 

position with 

visual signals 

cueing the 

swing leg 

10 

(29.7±1.7) 
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Delafontaine 

20
17

 2 channels for 

onset and 

cessation 

one force 

plate; CoP 

displacement 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

and without a 

rigid ankle-

foot orthosis 

19 

(30.3±4.4) 

Fawver 
20

18
 

no 

one force 

plate; CoP 

displacement 

3D full body 

kinematics; 

characterizatio

n of the first 

four steps 

GI from 

upright 

position with 

different 

degrees of 

forward 

voluntary lean 

29 (21±1) 

Stansfield 

20
18

 

no no 

3D right lower 

limbs 

kinematics 

GI from 

upright 

position at 

different 

speeds 

20 (22-44) 

Lee 

20
19

 

6 channels for 

onset and 

cessation and 

responses to 

perturbations 

one force 

plate; CoP 

displacement 

accelerometer 

on the pelvis 

for movement 

onset 

detection 

GI from 

upright 

position with 

postural 

perturbations 

11 

(28.09±4.3) 

Artico 

20
20

 

no 

one force 

plate; CoP 

displacement 

3D right foot 

kinematics; 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

obstacle 

clearance 

13 

(28.7±1.5) 

Hiraoka 

20
20

 

no 

one force 

plate; CoP 

displacement 

accelerometer 

for first heel 

contact 

GI from 

upright 

position with 

different 

acoustic 

signals 

11 

(31.1±10.8) 

Laudani 

20
21

 

2 channels for 

onset and 

cessation and 

responses to 

perturbations 

three force 

plates; GRF 

and COP 

changes 

3D full body 

kinematics; 

CoM 

estimation; 

characterizatio

n of the first 

step; ankle 

plantar flexion 

GI from 

upright 

position with 

postural 

perturbations 

10 (25±2) 

10 (73±5) 

Rum 

20
21

 

2 channels for 

onset and 

cessation and 

responses to 

perturbations 

two force 

plates; GRF 

and COP 

changes 

3D full body 

kinematics; 

angular 

displacement 

of the trunk 

GI from 

upright 

position with 

postural 

perturbations 

10 (25 2) 

10 (73±5) 
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Vieira 

20
21

 

no 

two force 

plates; CoP 

displacement 

3D malleoli 

kinematics; 

CoM 

estimation 

from force 

plate 

measurements 

GI from 

upright 

position with 

different 

additional 

loads 

68 

(23.65±3.21) 

 
Table 1: List of papers on GI of healthy subjects (HC) from 1966 till 2021. Papers were identified by means of 
a search of Google Scholar using the following key word combination: [gait initiation] and [healthy]. All 
abstracts were inspected to exclude papers including children and/or patients. For each identified paper, 
the table reports the devices and main outcome variables used to explore gait initiation in terms of 
muscular activity (EMG), dynamometric measurements (DYN), and kinematic aspects (KIN). Last column 
specifies the number of healthy subjects investigated in the studies and their age. Age is expressed as (min-
max) or (mean± std) -unless otherwise specified- according to the information found in the paper. 
Abbreviations: CoM: centre of mass; CoP: centre of pressure; EG: electrogoniometers; GI: Gait Initiation; 
GRF: ground reaction force; NA: not available. 
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4.2. The supraspinal locomotor network in healthy subjects 

 

4.2.1. Methodological considerations 
Gait movements are strongly driven by rhythms generating networks in the spinal cord and 

brainstem crucially embedded in more widely distributed networks comprising cortical regions.  

Only few non-invasive devices allow studying gait-related supraspinal locomotor network 

activity: (1) Electroencephalography (EEG), (2) cortical (ECoG) and subcortical invasive recordings 

by means of implantable leads, (3) functional near-infrared spectroscopy (fNIRS), and (4) 

positron emission tomography (PET) or single-photon emission computed tomography (SPECT). 

The strengths of the EEG are the possibility of a direct assessment of neural activity with a high 

temporal resolution, its portability and compact size, and the relatively low cost. Drawbacks are 

related to the low spatial resolution and the lack of information of subcortical brain structures. 

This can be improved by high-density EEG systems and new electrode configurations (e.g., 

tripolar concentric ring electrodes) combined with precise information of the head anatomy and 

source localization algorithms [130], [131]. Of note, movement-related artefacts are known to 

contaminate EEG signals. The subdural placement of ECoG electrodes is an emerging approach 

to measure cortical activity with high temporal and spatial resolution, while eliminating the 

possibility of correlated EMG contamination [132]. Similarly, intracerebral recordings of local field 

potentials in patients chronically implanted for deep brain stimulation (DBS) are an extraordinary 

new aid to explore the contribution of deep brain structures to human locomotion. However, 

being invasive, brain investigation with these techniques is only applicable in patients for which 

the ECoG/DBS is clinically prescribed and provides effective benefit (e.g., epileptic and patients 

with PD). At the opposite end, PET or SPECT measurements of brain metabolism of receptor and 

transporter availability occur minutes after the injection of the radioactive compound and can 

therefore provide only a global evaluation change of brain activity during locomotion. Still, these 

measurements have higher spatial resolution than EEG and provide fundamental biochemical 

correlates with the investigated motor task [133], [134]. 

fNIRS positions itself between the other methods, comprising however most of the 

disadvantages rather than positive features of the other techniques, including low spatial 

resolution, limited penetration depth, motion artefacts, and the difficulty of performing whole-

brain imaging due to probe size and extracerebral contamination from superficial tissues (i.e., 

cutaneous or skull perfusion) of the recordings [135].  

4.2.2. Gait 
Gait is strongly driven by rhythms generating circuits in the spinal cord (central pattern 

generators, CPGs) and brainstem [136]–[138]. These circuits are integrated into more widely 

distributed networks involving the entire neuraxis. This is a crucial aspect to enable dynamic 

involvement of multiple sensory domains (sensory-motor feedback) and feedforward postural 

adjustments in gait control and modulation, underscoring a trade-off between manoeuvrability 

and stability. 

Several studies described activation within the frontal cortices during gait, and a specific role of 

the primary motor cortex (M1), the supplementary motor area (SMA), the pre-SMA, the dorso-

lateral prefrontal cortex (DLPFC).  
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Direct recordings of M1 with ECoG showed a generalized gamma band (40–200Hz) 

synchronization during treadmill walking, as well as periodic gamma band changes within each 

stride (regardless of walking speeds) [132]. These results corroborated previous EEG findings that 

showed increased high gamma amplitudes (70–90Hz) in central sensorimotor areas during 

walking [139], [140]. Of interest, high gamma amplitudes coupled conversely to low gamma (24–

40Hz) amplitudes, both modulated during the gait cycle [140], directly contributed to muscular 

activity [141]–[144]. These findings, combined with a suppression (desynchronization) of mu and 

beta bands during walking relative to a non-movement reference [145]–[148] are suggestive for 

a combined amplitude and frequency modulation of the locomotor network in relation to the gait 

cycle.  

While M1 is thought to directly drive muscular activity for steady-state walking [139], [149]–[153] 

other frontal areas play an active role during postural control under challenging conditions [154]–

[156]. Preliminary evidence shows a key role of the SMA in gait control and modulation [9], [134], 

including gait initiation [20] and arm swing [157]. The major role of the SMA in planning and 

adaptation of gait patterns needs to be incorporated into a more diffuse cortico-cortical network, 

with additional distant brain areas involved in the control of postural movements. Preliminary 

evidence suggests a frequency specific modulation of visuo-parieto-frontal cortical interplay is 

needed for proper postural control under challenging conditions and for modification of gait 

trajectory [158]. The posterior parietal cortex must be engaged to register and store the 

temporospatial relationship between discrete body parts and the environment for a proper pre-

programming of motor task and for the integration and timing of movement intentions with 

ongoing movements [159]–[165]. 

The cerebellum plays a fundamental, complementary role in providing motor pattern 

adaptability. This brain region processes sensory inputs and makes immediate alterations to 

ongoing movement patterns [166], [167], by modulating motor responses in a reactive or 

feedback manner based on sensory perturbations. Alternatively, the cerebellum is hypothesized 

to alter movement patterns in a predictive manner using trial-and-error practice [168]. This 

predictive, or feedforward, adjustment in human locomotion critically involves also the basal 

ganglia dopaminergic systems (see WP-1, paragraph 7.1). Using PET and 2-β-carbomethoxy-3β-(4-

fluorophenyl) tropane, a radioligand binding to the dopamine reuptake transporters (DAT), Ouchi 

and colleagues showed an increased dopamine release in the putamen during unperturbed 

walking in healthy subjects and parkinsonian patients [133]. 

The mesencephalic locomotor region (MLR) and the subthalamic locomotor region (SLR) further 

play a relevant role in modulating the spinal locomotor networks. The MLR was originally defined 

functionally as a mesencephalic region in which continuous electrical stimulation evoked 

persistent locomotion [169]. This brain area in mammals encompasses the pedunculopontine 

nucleus (PPN), the cuneiform nucleus (CN) and the mesencephalic reticular nucleus (MRN), and 

interconnecting fibres. The interplay between these areas finely tunes postural muscle tone that 

encodes speeds of locomotion (rhythm generation and coordination) [170]. The level of postural 

muscle tone is further regulated by the reticulospinal, the vestibulospinal and the rubrospinal 

tract and monoaminergic descending pathways, such as the coerulo- and raphespinal tracts [136]. 

The role of the SLR and subthalamic nucleus (STN) in human gait is largely obscure and derives 

mainly from indirect evidence of clinical studies in parkinsonian patients with DBS of the STN. 
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Only in the past few years, new devices capable of recording local field potentials (LFP) with 

chronic implanted electrodes, allowed the direct recording of the STN during active human 

locomotion. These findings support the hypothesis of a “clutch-control” activity of the STN in 

human locomotion by activating or inhibiting top-down feedforward information flow to the MLR 

via direct glutamatergic projection or basal ganglia GABAergic output. The STN is indeed a 

cornerstone of the supraspinal locomotor network, receiving direct afferences from the SMA and 

projecting to both the MLR and the basal ganglia output nuclei (i.e., the globus pallidus internus 

[GPi] and the substantia nigra pars reticulata [SNr]), which also project to the MLR [171]. 

4.2.3. Gait initiation 
The GI task is a crucial motor activity for everyday life and a highly challenging task for the balance 

control system. Surprisingly, despite being widely investigated with kinematic analyses, few 

studies have deepened our understanding of the supraspinal control of this motor task.  

Very few studies made use of electrophysiological techniques to investigate GI. One of the few 

that did, Varghese and coll., combined a kinematic analysis with EEG recordings and showed a 

desynchronization of sensorimotor rhythms (alpha and beta bands) related to sensorimotor 

cortex activation during lateral stepping [172]. Additionally, Delval and coll. showed extended 

event-related desynchronization (ERD) in the beta band over the sensorimotor cortex, and more 

pronounced event-related synchronization (ERS) in the alpha band in trials with erroneous APA 

preceding a forward stepping after presentation of the visual target (a screen presenting an 

arrow pointing to the right or to the left foot) [173].  

Using fNIRS, Coelho and coll. showed an additional contribution of the SMA and the DLPFC during 

a GI task under cognitive conflict to select the foot to step (congruent and incongruent 

conditions) [174]. 

Of relevance, molecular imaging techniques have never been previously used to study this motor 

task (see WP-1 and WP-3, paragraphs 7.1 and 7.3), and the role of deep brain structures in the 

control of this motor transition remains elusive.  
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4.3. Parkinson’s Disease 

 

4.3.1. Prevalence and etiopathogenesis 
PD is the second most common neurodegenerative disorder after Alzheimer’s disease. Its yearly 

prevalence is estimated between 108 to 257 cases and its incidence between 11 to 19 cases per 

100˙ooo persons [175]. The prevalence of PD significantly increases when considering subjects 

older than 60 years, reaching values between 1280 to 1500 per 100˙ooo persons [176]. This is of 

great relevance considering the continuing increase in the percentage of the population aged 

over 65 years. By 2040, the number of people with PD is projected to exceed 12 million [177].  

The causes of PD are still elusive. Ageing is the only certain single risk factor for PD. Some genetic 

factors have been identified but only in 5–10% of the patients [178]. Environmental factors (e.g., 

exposure to pesticides [179]) are associated with increased risk of PD, but only in specific cases. 

Despite recent research and postmortem and genetic studies highlighted several factors involved 

in the neurodegenerative process (i.e., deficits in mitochondrial function, oxidative and 

nitrosative stress, the accumulation of aberrant or misfolded proteins, and ubiquitin-proteasome 

system dysfunction) [178] the etiopathogenesis of PD remains largely unknown.  

The pathological hallmark of PD is the aberrant aggregation and accumulation of alpha-synuclein 

in the form of Lewy bodies and Lewy neurites. The exact pathophysiological contribution of the 

Lewy bodies in the neurodegenerative process of PD remains unclear [180]. Still, this is associated 

with the dysfunctionality and degeneration of dopaminergic neurons at the level of the 

substantia nigra pars compacta (SNc), leading to low levels of dopamine at a striatal level [181].  

At the appearance of the motor symptoms (e.g., bradykinesia and rigidity) leading to the clinical 

diagnosis, over 50% of the SNc cells are usually lost and the nigro-striatal dopaminergic projects 

are reduced by 80% [182], [183]. This evidence emphasizes the presence of compensatory 

mechanisms able to counteract the dopaminergic loss at early stages of the disease. Along with 

disease progression, Lewy pathology propagates to cortical areas [182], adding new motor and 

non-motor symptoms to the clinical spectrum of PD [184]. 

4.3.2. Clinical spectrum 
In parkinsonian patients, the SNc degeneration causes complex and interlinked brain network 

alterations leading to multiple motor and non-motor [185] symptoms (e.g., fatigue, anxiety, pain, 

etc.). Non-motor symptoms are unrelated to the specific research of this thesis and therefore are 

not discussed further.  

The clinical diagnosis of PD demands bradykinesia and one of the following additional symptoms: 

muscular rigidity (plastic hypertonus), rest tremor and postural instability [186]. Balance and gait 

disturbances usually appear along with disease progression (Hoehn and Yahr stage 2-3, see later) 

and represent a major problem in parkinsonian patients [187]–[189].  

 The parkinsonian gait is characterized by short, shuffling, slow steps, often combined with 

enhanced knee and trunk flexion [190]. Additionally, advanced PD patients might suffer from 

specific gait disturbances, such as FoG, a transient inability to generate effective stepping. 

Patients experiencing FoG describe it as having their feet glued to the floor [191], thus impeding 

the forward stepping. FoG is generally triggered by a transition of motor behavior [25], [28], [192], 
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mostly occurring at gait initiation, but also during turning, or when adapting the walking speed 

or trajectory to pass an obstacle (e.g., a door).  

Gait disturbances and FoG are major concerns for subjects with PD and their caregivers, as they 

expose patients to a high fall risk [6], [11], [193]. Up to 68-70% of patients fall at least once a year, 

and up to two thirds of them fall recurrently [11], [193]. Multiple falls produce a vicious circle 

beginning with a fear of falling which leads to poor and loss of mobility and independence as well 

as a protective gait, causing subjects to fall again [12], [194]–[200]. Consequences of falls are 

often dramatic for these patients, leading to injuries, fractures, and in turn decreased quality and 

quantity of life [193], [201]. Not only do recurrent falls effect the patients, they also have a large 

impact on the disease-related economic and social [11], [193], [202], [203]. 

 

In the clinical workup, the severity of motor symptoms is assessed with the Unified Parkinson’s 

Disease Rating scale (UPDRS-III) [204], a clinical scale first proposed in the ‘80s by Stanley Fahn 

and colleagues [204] that is now the standard for scoring motor symptoms in PD [205]. The 

clinician asks the patient to perform specific motor tasks to assess speech, facial expression, 

bradykinesia, muscular rigidity, tremor, gait and postural instability. For each task, the clinician 

assigns a score from 0 to 4, where 0 is the absence of the symptom and 4 is the most sever clinical 

manifestation or the impossibility to perform the task. The disease stage is instead assessed with 

the Hoehn & Yahr (H&Y) scale [187], which identifies five stages according to the level of disability 

of the subject [204]: 

 

0. Asymptomatic 

1. Unilateral distribution of the symptoms 

2. Bilateral involvement without impairment of balance 

3. Mild to moderate disease with balance impairment  

4. Severe disability but able to walk and stand unassisted 

5. Wheelchair bound or bedridden unless aided 

 

These clinical scales are standard practice to clinically evaluate parkinsonian patients, in terms of 

disease severity and response to medications. Their diffusion and easy administration make these 

scales a valuable tool in clinical practice. However, it is important to underline that they provide 

just a qualitative evaluation of the motor condition and suffer from inter-rater and intra-rater 

variability [205]–[208]. 

 

4.3.3. Dopaminergic brain imaging 
PD is characterized by a loss of pigmented cells in the SNc, which in turn leads to a reduction of 

dopaminergic afferents mainly to the striatum [209]–[212]. Intense brain imaging research aimed 

at directly assesses the SNc cell loss with still debatable results [213], [214]. Conventional 

structural imaging (i.e., magnetic resonance imaging [MRI] [215]) remains normal in PD. More 

useful and robust results were obtained with nuclear medicine techniques targeting the 

dopaminergic nigrostriatal pathway. Several radioligands are now available for routine clinical 

measurements of dopaminergic innervation or functionality [216]. A first approach to 

determining the integrity of the presynaptic dopaminergic terminal is to study the DAT. For this 

use, the most widely used radioactive compound is the [123I]-N-ω-fluoropropyl-2β-

carbomethoxy-3-(4-iodophenyl)nortropane (FP-CIT) (DaTSCAN®; GE Healthcare, London, U.K.) 



38 
 

and SPECT. PD patients consistently show low FP-CIT binding values in the putamen and, along 

with disease progression, also in the caudate nucleus [181], [212], [217]–[219]. Low FP-CIT binding 

values correlate with disease severity and distribution in mild-to-moderate cases [220]–[222].  

FP-CIT and SPECT provides a significant aid in the clinical management of patients [181], [223], 

[224]. FP-CIT and SPECT is a valuable aid in support of the clinical diagnosis of PD, especially for 

uncertain cases, such as early-onset PD [225], [226], or in the differential diagnosis with Essential 

or Dystonic Tremor [227]–[232]. FP-CIT and SPECT also provides some utility in the differential 

diagnosis of atypical parkinsonism, especially when differentiating dementia with Lewy bodies 

from Alzheimer’s disease or other dementias [233]. 

A second approach to assess the functionality of the presynaptic dopaminergic terminals is to 

study the vesicular monoamine transporter type 2 (VMAT2). VMAT2 is an integral membrane 

protein that transports monoamines into their synaptic vesicles. At a striatal level, more than 90% 

of VMAT2 binds to dopamine nerve terminals making this radioligand particularly interesting to 

study the integrity of the dopaminergic system in parkinsonian patients [234], [235]. However, 

VMAT2 binding is typically studied with [11C]dihydrotetrabenazine (DTBZ) which is not widely 

available and only in use for research purposes in a few centers.  

 

Another possibility for studying striatal dopaminergic functioning is 6-[18F]-fluoro-L-dopa (F-

Dopa). This compound is the immediate precursor of dopamine. It is carried into the brain by the 

large neutral amino acid transport system, taken up by monoaminergic neurons, decarboxylated 

to (fluoro)dopamine, and then stored in intraneuronal vesicles, from which it is released when 

the nerve cell fires. This positron-emitting compound is clinically used to assess the 

decarboxylating enzyme of the dopaminergic pathway and the storage capacity of dopamine 

[236], [237]. Despite being as accurate as FP-CIT SPECT and reasonably correlating with motor 

scores and disease duration in PD [238], [239], this compound is not often used in the clinical 

setting because of the need for a cyclotron-based radiopharmacy and the relative complexity of 

the synthesis [240]. 

 

Finally, several PET ligands are available to study the density and activity of dopamine receptors 

at the striatal level. Most of these ligands bind to the dopamine D2/D3 receptor subtype (D2/D3-

R), but more ligands are becoming available also for the dopamine receptors of the D1/D4/D5 

family, particularly dopamine D1-receptor (D1-R) [241]. The two receptor families have opposite 

effects of dopaminergic signaling [242] , which are balanced by the distribution of D1-R 

predominantly on cells providing output via the direct nigrostriatal pathway and D2/D3-R on cells 

of the indirect pathway [243].  

 

4.3.4. Pathophysiology: lesson learned from locomotor brain network derangements 
The pathophysiology of PD is not yet fully clarified. The loss of SNc neurons in PD would result in 

a decreased excitatory activity of the direct pathway from GABAergic striatal neurons to the 

internal segment of the GPi and SNr, and an increased inhibitory drive of the indirect pathway, 

involving particularly the external segment of the globus pallidus (GPe) and STN. As a 

consequence, the activity of the basal ganglia output structures (GPi and SNr) is disrupted, 

causing, in turn, alterations of the activity of brainstem motor areas (including MLR) and the 

thalamocortical motor system, leading to the manifestation of bradykinesia and rigidity [244]. 
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Novel insights into the supraspinal locomotor derangements in parkinsonian patients provided 

preliminary evidence that many of the symptoms, especially the symptoms with a more transient 

and episodic nature (such as FoG), may arise as a consequence of disordered activity in neural 

circuits following, but not correlating with, striatal dopaminergic denervation [245]. Indeed, 

cortical-subthalamic decoupling in a low frequency band (4–13 Hz) was recently associated to the 

transition from normal walking into gait freezing. This was present in the brain hemisphere 

displaying less striatal dopaminergic innervation, but it did not correlate with the striatal DAT 

binding values measured with FP-CIT and SPECT. This is among the first evidence in humans of a 

symptom-specific derangement of the networked processing of locomotion in PD and suggests 

that FoG is indeed a “circuitopathy” related to a dysfunctional cortical-subcortical 

communication. This study was in line with the results of Tard and coll. who nicely showed an 

impairment of interaction between dorsal and ventral cortical locomotor pathways in PD patients 

suffering from FoG [246]. More recent evidence also supports oscillation derangements for other 

cardinal symptoms of PD (e.g., rest and action tremor, [247], [248], whereas bradykinesia and 

rigidity seem to be associated with increased cortical and subthalamic beta oscillations [249]. 

 

4.3.5. Therapeutic strategies 
 

Pharmacological treatment 

The main therapeutic approach for motor symptoms in PD relies on dopamine replacement 

drugs, which aim at restoring the physiological dopamine level. Although several dopamine-

agonist compounds have been introduced in the therapeutic workup of PD, the most valid 

medication remains L-dopa, a precursor of dopamine [244], [250]. Indeed, bradykinesia and 

rigidity remarkably ameliorate with levodopa intake, even at late stages of the disease [251], 

[252]. Tremor is also reduced by Levodopa [252], but with a more variable response than akinetic-

rigid signs [253]. However, dopaminergic medications are poorly effective on balance and gait 

disturbances [254]–[256], making the treatment of these symptoms particularly troublesome. In 

some cases, dopaminergic drugs can even increase fall risk, as they improve mobility without 

ameliorating balance [12], [257]. Furthermore, specific gait problems of parkinsonian patients, 

such as festination and FoG, might be worsened or caused in some cases by levodopa (e.g., “on 

freezing”) [258], [259]. Levodopa also has long-term adverse effects that further increase the 

complexity of the treatment. Specifically, patients might suffer from levodopa-induced 

dyskinesias [251], [260], [261], defined as “Involuntary, nonrhythmic choreic or choreo-dystonic 

movements most often related to peak dopamine levels” [262], “off phases”, i.e. periods with 

suboptimal medication effect, or motor fluctuations, when alternating dyskinesia and “off 

phases” along the day [260], [262].  

 

Electrical neuromodulation 

An alternative therapeutic option for late stages of PD – when levodopa-related motor 

fluctuations usually appear – is DBS. DBS is a neuromodulatory technique which allows the 

delivery of electrical impulses to specific brain targets by means of implanted electrodes 

connected to an internal pulse generator (IPG) [263]. DBS originated from the ablative 

stereotaxic procedures, such as pallidotomies and thalamotomies. In the pre-levodopa-era, they 

were the ultimate solution for the treatment of resistant and disabling motor symptoms, such as 
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consequences such as stimulated-induced motor (e.g., gait and balance problems) and non-

motor side effects (i.e., depression and cognitive impairment) [272]. In some cases, these 

symptoms are reversible by modifying the stimulation parameters [263], [273] may be difficult to 

balance the benefit and the adverse events of DBS. 

DBS is not only an effective therapeutic device, but also a powerful tool to explore the brain 

network dynamics. Indeed, DBS devices provide the unique opportunity to directly record deep 

brain areas in humans and to directly interact with their activity [270]. This is of fundamental 

importance as the circuital derangements underlying motor symptoms in PD and movement 

disorders are largely unknown [45], [274]. The lack of understanding of the pathophysiological 

mechanisms of the locomotor network in motor disorders has till now limited the development 

of more effective neuromodulation therapies.  

Deep brain recordings in patients with PD were initially performed during or immediately after 

the surgical procedure by means of externalized electrodes [275]–[279]. Despite the 

unquestionable importance of these studies, it is worth mentioning that immediate post-

operative recordings might suffer from the so-called “stunning” effect. The surgical procedure 

produces a lesion to the implanted area, which directly impacts motor symptoms, similar to what 

happens with a pallidotomy or thalamotomy. This has been shown by the immediate 

improvement of the patients motor condition just after electrode placement [280]–[282]. Since 

the lesional effect might take some time (up to three months) to fade away, the post-operative 

recordings may be biased by this transitory condition, and not reflect the actual activity of the 

recorded brain area [44], [52], [283]. Additionally, the safety and technical limitations (e.g., short, 

externalized electrodes) of the experimental setup limited these recordings to resting or simple 

motor actions, such as upper-limb movement. Gait and full-body motor tasks were never 

explored. Only recently, the development of fully implantable DBS prototypes capable of not only 

stimulating but recording the activity of the implanted nucleus has allowed the evaluation of 

more complex motor tasks (i.e., gait) and motor symptoms (i.e., FoG) months and years after 

implantation [44], [45], [284]–[286].  

These devices fostered the search of new and more reliable electrophysiological biomarkers 

related to specific motor tasks (e.g., gait, standing, resting) and symptoms (e.g., FoG). They have 

paved the way for the development of closed-loop stimulation protocols, able to adapt to the 

stimulation delivery to ongoing neural activity (adaptive DBS [aDBS]). This new DBS modality 

relies on the online recording of an input signal (generally the neural activity of the implanted 

brain area) for a timely and automatic adjustment of the stimulation delivery according to the 

actual needs of the patients. First applications of aDBS paradigms showed promising results in 

the treatment of motor symptoms in PD [52], [276], [287]–[289], making the novel aDBS almost 

ready for clinical applications. The identification of more specific and robust biomarkers is now a 

first and urgent step to foster the introduction and application of these promising protocols in 

clinical practice. 
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4.4. Progressive Supranuclear Palsy 

 

4.4.1. Prevalence and etiopathogenesis 
Progressive Supranuclear Palsy (PSP) is the second most common form of parkinsonism after 

idiopathic PD [290]. This is a rare and dramatic neurological disorder with a crude prevalence and 

incidence between 1.0 to 5.82 and 1.14 to 5.3 cases per 100˙ooo persons, respectively [291]–[295]. 

There is a rapid increase of PSP incidence with age, ranging from 1.7 cases per 100˙ooo at 50 to 59 

years to 14.7 per 100˙ooo persons at 80 to 99 years [292]. Accordingly, the risk of developing PSP 

is minimal before 50 years and increases with age [292]. The average age at onset is 63 years 

[296], [297] usually with a rapid progression of the neurodegenerative process which leads to a 

short median survival time after the diagnosis (5.6 years, range 2-16.6 years) [298]. The tentative 

identification of other risk factors other than age has so far not been successful [297], [299]–

[301]. 

The pathogenesis of PSP is still unknown. PSP is characterized by the presence of neurofibrillary 

tangles, neuropil threads, and fibrillary gliosis, resulting from the aggregation of 

hyperphosphorylated tau-protein filaments [290], thereby causing PSP to be considered a 

“tauopathy”. Tau proteins are normally distributed mainly in axons and modulate the assembly, 

dynamic behaviour, and spatial organisation of axonal microtubules. In PSP, conformational 

changes in tau-protein and its subsequent accumulation may directly contribute to cellular death 

[297], [302]. Specifically, tau-protein aggregates and neuropil threads were found in the globus 

pallidus (GP), STN, red nucleus, substantia nigra (SN), pontine tegmentum, striatum, oculomotor 

nucleus, medulla and dentate nucleus [297], [298], [303], [304]. 

4.4.2. Clinical spectrum 
The most common form of PSP is the Steele-Richardson-Olszewski syndrome (PSP-RS) [290], 

[305]. The definitive diagnostic feature is vertical supranuclear gaze palsy, but several other 

symptoms may occur, including unsteady gait and unprovoked backward falls, bradykinesia, 

apathy, disinhibition, executive dysfunction and bradyphenia, speech disturbances (slow, ataxic, 

spastic and hypophonic) and dysphagia [294], [303], [305].  

Several variants of PSP syndromes have been described and named according to their 

predominant clinical features, and include PSP with predominant parkinsonism (PSP-P), PSP with 

progressive gait freezing (PSP-PGF), corticobasal syndrome (PSP-CBS), PSP with predominant 

speech or language disorder [PSP-SL]), PSP with predominant frontal presentation (PSP-F) and 

PSP with predominant cerebellar ataxia (PSP-C) [305]. 

Clinical criteria for a PSP diagnosis require the age at onset to be after 40 years, a progressive 

course, and the presence of bradykinesia and supranuclear gaze palsy. In addition, at least three 

of the following symptoms/conditions should apply: frequent falls or gait disturbance early in 

disease course, axial rigidity greater than limb rigidity, neck in extension, tremor minimal or 

absent, pyramidal tract signs, dysarthria or dysphagia [291]. Despite having a well-defined clinical 

picture [298], [306], the diagnosis of PSP can be challenging as the spectrum of its clinical 

manifestation is particularly broad [305]–[307]. Additional PD-like symptoms might indeed be 

present (i.e., bradykinesia, rigidity, and postural instability) [306], [307] which often lead to 

underdiagnoses and misdiagnoses of PSP as PD [308]. Nevertheless, some differences between 

PSP and other bradykinetic rigid syndromes can help with the differential diagnosis. First, postural 
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instability and falls are present in PSP also at early stages of the disease, while in PD they are 

generally related to later stages of disease. In addition, in PD patients falls usually occur forward, 

whereas PSP falls usually happen backward, unprovoked, and with high morbidity [309]. Indeed, 

the median latency from disease onset to the first fall is much shorter in PSP (12 months) than in 

PD patients (108 months) [310]. Second, in PSP patients axial rigidity is more evident than limb 

rigidity [297]. Third, motor symptoms are generally more symmetric, and tremor rarely appears. 

Last, Levodopa response is usually poor and transient in PSP patients but not in PD [307], [311], 

[312].  

Falls are among the most dramatic symptoms in PSP patients. Conversely to PD patients [313], 

the vast majority of patients with PSP falls backwards [297], [298], [303], thus exposing them to 

a high risk of severe injuries, as they are less likely able to protect themselves leading to 

considerable morbidity [314] and even mortality. Indeed, fractures of the skull, ribs, and vertebrae 

were reported to be more frequent in PSP than in any other bradykinetic rigid syndromes [310]. 

The incidence of falls increases along disease progression, as gait disturbances and postural 

impairment get more severe: during the first year, the 58% of the screened patients reported falls, 

while after two years falls were observed in all patients [298]. Interestingly, preliminary data 

suggest that the number of falls reduces at advanced stages of the disease, possibly due to lack 

of mobility, as by this stage patients are generally wheelchair bound or bedridden [315]. 

In clinical practice, patients with PSP are assessed mainly by qualitative scales specifically created 

for these patients and focusing on particular symptoms/aspects:  

• The PSP‐Quality of Life Scale (PSP‐QoL) is related to quality of life as perceived by patients 

and composed of 46 items [316]. It is disease‐specific, but longitudinal data are lacking 

[317].  

• The Progressive Supranuclear Palsy Rating Scale (PSPRS) is a clinical scale for the 

assessment of disease severity [318] and the only one prospectively evaluated [317]. It is 

composed of six areas (History, Mentation, Bulbar, Ocular motor, Limb motor, Gait and 

midline) attempting to include all significant aspects of clinical impairment in PSP [318]. 

In particular, the last area addresses motor symptoms and mobility, evaluating neck 

rigidity or dystonia, arising from the chair, gait, postural stability, and sitting down. Scores 

range from zero (absence of the symptom) to four, the most severe clinical manifestation 

of the motor symptom. Number of falls are counted in the history area, ranging from 

absence of falls, corresponding to the score zero, to 30 per month, rated with the 

maximum score of four.  

• The Progressive Supranuclear Palsy Clinical Deficits Scale (PSPCDS) is a very rapid clinical 

scale addressing seven clinical areas (Akinesia-rigidity, Bradyphrenia, Communication, 

Dysphagia, Eye movements, Finger dexterity, and Gait & balance), with scores ranging 

from zero to three (absent, mild, moderate, or severe impairment) [317]. It was 

developed to speed up the evaluation process and overcome some limitations of the 

PSPRS, which was designed on PSP-RS and underestimated symptoms specific to other 

variants of PSP [317]. Preliminary applications of this scale are promising but its diffusion 

is still limited. 

Despite the clinical utility of these scales to assess disease severity and progression and 

longitudinal response to treatment [319], the data on the inter-rater variability and test-retest 
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stability are lacking for the first two scales and have been calculated only on a small cohort of 

patients (164) for the latter (0.96 and 0.99, respectively) [317].  

4.4.3. Brain imaging  
In early disease stages, the clinical diagnosis of PSP only shows limited sensitivity and moderate 

specificity as revealed by recent autopsy studies [320]. 

MRI measurements, particularly of brainstem structures (e.g., the ratio of the midsagittal areas 

of the midbrain and pons), may provide a useful aid to distinguish patients with PSP from those 

with PD and healthy subjects on an individual basis [321]–[323]. However, different expertise of 

manual raters evaluating these brain structures and the phenotypic variability of PSP create a 

high percentage of conflicting and inconclusive results. For these reasons, MRI studies only 

provide poor and indirect pathophysiological information in PSP. 

Previous studies also demonstrated that FP-CIT and SPECT is not helpful for diagnosing 

degenerative atypical parkinsonism [233] and retains poor utility in differentiating PD from these 

syndromes [324]–[326]. Patients with PSP may only show a more symmetric and profound loss 

(including the caudate head) of presynaptic DAT density at an early disease stage [327], [328]. 

Similar findings apply to PET ligands for DAT [329] and F-Dopa PET [330], [331]. One study [332] 

reported significantly reduced VMAT2 density in the caudate nucleus, putamen, and SNc, 

consistent with degeneration of dopaminergic nigrostriatal projection neurons in PSP. PET tracer 

that binds to striatal post-synaptic receptors (e.g., 11C-raclopride) showed reduced D2/D3-R in PSP 

patients versus controls [333]. Usually, untreated PD patients show normal or up regulated 

D2/D3-R binding potentials [334], [335]. 

While PET Imaging of alpha-synuclein is still an unmet need for PD, new radioligands for tau 

pathology have been tested in small cohorts of patients with PSP [336]–[339]. Unfortunately, 

two recent anatomopathological studies showed poor correlation of PET findings with neuronal 

and glial inclusions of straight tau filaments in tauopathy brains [338], [340].  

The differential diagnosis and workup of parkinsonian syndromes greatly benefit, instead, from 

the assessment of cerebral metabolism, which is commonly studied with 18F-labelled 

fluorodeoxyglucose (FDG). The application of a spatial covariance analysis on FDG and PET 

imaging led to the identification of distinctive disease-related metabolic patterns [341], [342]. 

These patterns have proven to be useful in the differential diagnosis and disease progression 

monitoring as well as for the assessment of clinical treatment, including dopaminergic therapy 

[343], STN DBS [344]–[346], and gene therapy [343]. In PD, the major feature of this spatial 

covariance pattern is relative metabolic increases in the pallidum, thalamus, pons and cerebellum, 

and concurrent hypometabolism in the premotor and posterior parietal-occipital areas [342]. 

Tang and coll. also reported elevated putamen metabolism in the initially presymptomatic 

hemisphere of PD patients, suggesting marked ongoing compensatory mechanisms in the early 

stages of PD [347]. Patients with PSP usually present metabolic reduction in the basal ganglia 

(caudate nucleus), thalamus, midbrain, anterior cingulate cortex, frontal lobe and primary motor 

cortex [341]. 
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4.4.4.Pathophysiology: on the origin of postural imbalance and falls in PSP 
The motor and neurobehavioral findings seen in patients with PSP reflect the marked and 

widespread neuronal degeneration. Despite intense ongoing research in PSP, a correlation 

between alterations of specific brain areas and motor and non-motor symptoms is lacking.  

In particular, the pathophysiological mechanisms underlying postural instability, the distinctive 

clinical trait of PSP-RS, are still poorly understood [315]. Falls in PSP-RS are not related to 

environmental hazards, loss of consciousness, or cardiovascular causes [315]. Besides my study 

[75], only Zwergal and coll. investigated pathologic mechanisms in the supraspinal locomotor 

network of PSP patients by correlating a kinematic assessment of the gait performance and brain 

metabolic changes. In a first study, they showed a positive correlation between gait velocity and 

step length with increased FDG uptake in the prefrontal cortex and subthalamic nucleus and 

decreased in the precentral gyrus and superior vermis [348]. The authors also found a strong 

correlation between the CoP sway path during standing with FDG uptake of the precentral gyrus 

and the thalamus, the latter being also influenced by modulation of sensory input [349]. 

 

4.4.5. Therapeutic strategies 
Unfortunately, treatment for PSP is only symptomatic, overall poorly effective and with no 

impact on disease progression [305], [350]. As neurodegeneration in PSP is related to tau 

pathology, some clinical trials exploited the utility of tau- or mitochondrial-directed therapeutic 

strategies but with poor results [305], [351]. The knowledge gap between molecular alterations 

and pathophysiological mechanisms underlying PSP is a main limiting factor for the design and 

implementation of prevention and therapeutic trials in this disease [305], [352]. The only clinical 

evaluation of the patients in such trials represents an additional limiting factor preventing a clear 

identification of the specific PSP variants most responsive towards experimental treatments. A 

first step to overcome this limitation was done in a recent study [353] assessing PSP-RS patients 

with a combined imaging and kinematic evaluation before and after the intra-arterially 

administration of autologous mesenchymal stromal cells. 

With regards to available symptomatic treatments, patients with PSP and particularly with PSP-

RS may have a transient benefit from Levodopa, especially at an early stage of disease [305], 

[350]. Poor response to Levodopa remains one criteria for the differential diagnosis between PSP 

and PD [307], [312], [350]. Physiotherapy strategies are probably the most effective treatments 

to improve motor condition and balance in patients with PSP [305], [315], [354]. Specifically, 

preliminary results suggested that aerobic, multidisciplinary, intensive, motor-cognitive and goal-

based rehabilitation approaches with a treadmill [354], [355] or biofeedback training [356] are 

particularly effective in some patients, but results should be confirmed in larger cohorts [315].  

DBS of the PPN alone [352], [357]–[360] or in combination with the stimulation of the GPi [358] 

or STN [360], was also explored as a possible therapeutic strategy specifically addressing balance 

instability and falls [361]. Findings are controversial, but the clinical efficacy is in general poor, not 

consistent and limited in time. The lack of positive results possibly derives from to the complex 

and multisite impairment of the locomotor network of which PPN is just one node [315]. Even if 

proven to be effective, DBS may have a limited application in patients with PSP as clinical 

manifestations often include cognitive and psychiatric disorders, that are set exclusion criteria 

for DBS-surgery eligibility [315], [360].  
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Given the higher prevalence of PD and the common traits between PD and PSP, researches and 

medical therapies in patients with PD have till now guided the development of new strategies for 

PSP treatment and care [315]. However, despite sharing some similarities with PD, PSP 

constitutes two very different neurological disorders [312] and should be therefore specifically 

addressed. It is of fundamental relevance to further expand our knowledge of the peculiar 

pathophysiological mechanism underlying PSP and to start developing therapeutic options 

tailored for these patients [352].  
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5. Aims 
 

The overarching goal of my research activities was to investigate the pathophysiological 

alterations of the supraspinal locomotor network at GI in subjects with PD and related disorders.  

With this aim, I developed my research activities into four work packages (WP), each responding 

to a specific question:  

 

• WP-1: What is the role of striatal dopamine in APA production at GI in PD?  

This study showed the contribution of striatal dopamine to APA production at GI in patients with 

PD, by describing the effect of levodopa intake and the correlations of biomechanical 

measurements with putaminal dopaminergic innervation. Of relevance, the experimental setup 

and analysis pipeline were designed and developed to assess and minimize the influence of 

confounding factors on the GI outcome variables. This was then adopted in WP-2 and WP-3. 

Palmisano, C, Brandt, G, Vissani, M, [...], Frigo, C A, Isaias, I U, Frontiers in Bioengineering and 
Biotechnology, 2020, 8:137 [38] 
 

• WP-2: Is feedforward motor control at GI specifically altered in patients with PD and freezing 

of gait?  

In this study, I identified alterations of GI execution specific for patients with PD and freezing of 

gait. The distinct influence of postural alterations on APA and motor performance was also 

assessed and described. 

Palmisano, C, Beccaria, L, Haufe, S, Pezzoli, G, Isaias, I U, under review at Frontiers in 
Bioengineering and Biotechnology [362] 
 

• WP-3: Which brain areas are responsible for poor balance control during GI? 

I correlated the biomechanical features of APA and GI execution with brain metabolic alterations 

in patients with PSP-RS, identifying brain areas related to poor postural control.  

Palmisano, C, Todisco, M, Marotta, G, [...], Pezzoli, G, Isaias, I U, NeuroImage: Clinical, 2020, 
28:102408 [75] 

Giordano, R, Canesi, M, Isalberti, M, Marfia, G, Campanella, R, Vincenti, D, Cereda, V, Ranghetti, 
A, Palmisano, C, […], Pezzoli, G., Frontiers in Neuroscience, 2021, 15:723227 [353] 
 

• WP-4: What is the STN contribution to standing and walking? 

This study investigated the neural activity of the STN nucleus specific for static (i.e., standing) and 

dynamic (i.e., gait) activity.  

Arnulfo, G*, Pozzi, N G*, Palmisano, C, [...], Isaias, I U, PLoS ONE, 2018, 13(6): e019869 [44] 

Canessa, A, Palmisano, C, Isaias, I U*, Mazzoni, A*, Brain Stimulation, 2020, 13(6): 1743–1752 [286] 
 
*these authors equally contributed to the study 
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6. Materials and Methods 
 

My experimental work relied on a multimodal approach combining clinical, biomechanical, 

neuroimaging, and neurophysiological data. This methodological choice was fundamental in 

exploring the multifaceted pathophysiological mechanisms underlying motor control in patients 

with PD or parkinsonism. 

First, clinical data allowed the identification of specific motor symptoms. Given the complex and 

diverse manifestations and symptoms in motor disorders, clinical data were essential for the 

selection of homogenous patient groups (e.g., freezing of gait in WP-2). Second, in all WP, 

movement analysis measurements granted the evaluation of the biomechanical resultants of 

(feedforward) motor control and the detailed quantification of symptom-specific alterations. 

Third, neuroimaging data opened an observational window on brain region dysfunctions, 

allowing for a connection to be made between the altered motor resultants and their primary 

cause (i.e., neurodegeneration of specific areas, WP-1 and WP-4). Last, in a set of DBS-implanted 

patients, I was able to perform neural recordings in the STN nucleus during gait (WP-4), thus 

exploring the online nucleus activity related to motor control.  

The adoption of this multimodal approach was possible only in the context of a close 

collaboration between the Politecnico di Milano (POLIMI), the Julius-Maximilians-Universität 

Würzburg (JMU) and the University Hospital of Würzburg (UKW). Research lines were run in 

parallel at the two institutions, combining engineering, clinical, and neuroscience expertise. In 

particular, the recruitment and data acquisition of WP-1 and WP-4 were performed at the 

Neurology Department of the UKW, one of the few centers at the time of this study to have fully 

implantable devices capable of simultaneous stimulation and recording of the STN (i.e., Activa 

PC+S). The WP-2 and WP-3 were carried out in Milano thanks to the fruitful collaboration of the 

POLIMI with the Centro Parkinson, ASST G.Pini-CTO (CP) and the Laboratorio di Analisi del 

Movimento nel Bambino (LAMB) Fondazione Pierfranco e Luisa Mariani of the Department of 

Physiology and Transplantation of the Università degli Studi di Milano (UNIMI). Molecular 

imaging studies were carried out at the Nuclear Medicine Department of UKW for WP-1 and WP-

4 and at the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico for WP-3. 

The next paragraphs will explore in detail the materials and methods employed in this study. For 

further information specific for each WP, please refer to chapter 7. 
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6.1. Patient recruitment and clinical assessment 

 

Patients with PD (WP-1,2,4) and with PSP (WP-3) were recruited at the UKW and at the CP. An 

expert in movement disorders (Dr. Ioannis Isaias) inspected the clinical records and identified 

patients eligible for the study. Recruitment was also performed among hospitalized patients at 

the time of the experiment. Patients’ medical records were specifically checked for: (i) clinical 

diagnosis, (ii) neurological diseases other than PD or PSP, (iii) vestibular problems, (iv) diabetes, 

(v) cardiovascular pathologies or hypotension, (vi) orthopaedic issues or past major orthopaedic 

surgery, (vii) freezing of gait, (viii) dyskinesia. Based on the specific research purpose, different 

inclusion/exclusion criteria were defined for each WP. Please refer to chapter 7 for details on 

inclusion/exclusion criteria of each WP. 

All eligible patients received a detailed description of the study they were recruited for. Patients 

gave their written informed consent prior to participation. All studies were approved by the local 

investigational review board and conformed to the declaration of Helsinki.  

For each recruited patient, disease duration (the time in years from the clinically established 

diagnosis) and Levodopa Equivalent Daily Dose (LEDD) were collected. The levodopa equivalent 

dose (LEDD) was calculated using conversion factors for antiparkinsonian drugs that yield a total 

daily levodopa equivalent dose [363]. 

Age and gender were recorded, and groups were matched accordingly. Healthy subjects were 

recruited among patients’ and investigators’ relatives and friends. Please refer to chapter 7 for 

details on inclusion and exclusion criteria applied to healthy controls. 

The next two paragraphs describe additional disease-specific clinical data collected for this study 

and patients’ clinical condition at the time of the experiment. 

6.1.1. Parkinson’s Disease patients 
Enrolled patients with PD were diagnosed according to the United Kingdom (UK) Parkinson 

Disease Brain Bank criteria [364].  

PD patients performed the experimental protocols after overnight suspension of all 

dopaminergic drugs (Med-OFF). Stimulation of implanted patients (WP-4) was switched off for 

at least one hour before the experiment (Stim-OFF). Of note, all patients recruited for WP-4 were 

implanted at least six months before the recordings. Dopaminergic treatment and stimulation 

parameters were unchanged for at least two and one month, respectively, prior to the 

experiment. For one research project (WP-1) I also analyzed patients after the intake of a standard 

dose of levodopa (soluble levodopa+benserazide [Madopar®] 200+25 mg, Med-ON). The 

evaluation in Med-ON condition helped to assess the positive or detrimental influence of 

dopaminergic replacement therapy on APA and GI execution, thus deepening the understanding 

of the role of dopamine at GI. The standardized medication condition applied in my studies was 

of particular relevance since the vast majority of previous works on GI and gait evaluated PD 

patients only in their best motor condition, i.e., under the effect of their usual dopaminergic 

therapy, thus possibly monitoring drug action on GI rather than dopamine-related alterations.  

Disease severity of patients was evaluated by means of the H&Y scale [187], which identifies five 

stages according to the level of disability of the subject. Severity of motor symptoms was 

assessed with the UPDRS-III [204]. The UPDRS-III of patients recruited for WP-1 was administered 

in Med-OFF and in Med-ON conditions at the time of the experiment. The UPDRS-III of implanted 
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patients (WP-4) was assessed in four different conditions within one week from the experiment: 

(i) Stim-OFF and Med-OFF; (ii) Stim-ON and Med-OFF; (iii) Stim-OFF and Med-ON and (iv) Stim-ON 

and Med-ON. For the clinical assessment in the Stim-OFF condition, the stimulator was switched 

off for at least two hours before the evaluation. For Stim-ON conditions, stimulation parameters 

were set as the clinically most effective (i.e., chronic stimulation settings). The UPDRS-III in Med-

OFF condition was assessed after overnight suspension of all dopaminergic drugs. Motor status 

in Med-ON was evaluated after the intake of dopaminergic drugs according to the patient-specific 

pre-operative and post-operative therapeutic plans in Stim-OFF and -ON condition, respectively. 

6.1.2. Progressive Supranuclear Palsy patients 
Patients with PSP were enrolled for WP-3. PSP patients were diagnosed according to the 

Movement Disorder Society criteria [365]. All subjects with PSP were classified as Richardson’s 

syndrome, which is predominantly characterized by early postural instability and oculomotor 

dysfunctions [366].  

Despite the lack of efficacy of dopaminergic drugs on PSP symptoms, I asked for the suspension 

of all dopaminergic drugs for at least 12 hours prior to the experiment (Med-OFF) to avoid any 

eventual influence of dopaminergic drugs on task performance.  

Patients with PSP were evaluated with the PSPRS within one month after the experiment [318]. 

The clinical assessment was performed in the morning in Med-OFF condition. Of note, given the 

association between PSP and cognitive impairment, all patients were accompanied by at least 

one relative or caregiver during both the clinical assessment and the experimental session. 

Caregivers provided additional information on patients’ clinical status and supported them 

throughout the experimental session.  
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6.2. Neuroimaging 

 

identification of brain areas related to the biomechanical resultants of GI (WP-1, WP3). 

Additionally, in WP-4 the quantification of the residual dopaminergic innervation of the two 

hemispheres, evaluated by a SPECT (see next paragraph) allowed identification of the least and 

most dopamine-depleted nuclei, thus possibly disentangling physiologic or adaptive from 

pathologic neural dynamics.  

 

Hypokinetic movement disorders, and PD in particular, are traditionally identified by loss of 

function of a specific brain area (e.g., the nigro-striatal dopaminergic pathway). However, there 

are collateral and parallel brain alterations which may play a relevant role in the 

neurodegenerative processes and related symptoms [367]–[371]. The neuropathological picture 

of PD and motor disorders is indeed much more complex than a simple deficiency syndrome, and 

the interplay between the various brain circuits/area in determining the motor outcomes is still 

largely unknown. Additionally, altered biomechanical measurements may not be a direct effect 

of disease-related symptoms (e.g., bradykinesia, rigidity, etc.), but expression of compensatory 

mechanisms [1], [3], [13], [372].  

 

In this context, neuroimaging findings together with biomechanical data may help in 

investigating the pathophysiological role of different brain regions, neurotransmitters, and 

circuits in motor control. A better distinction of pathological features from compensatory 

adaptations would pave the way towards a correct interpretation of motor alterations and the 

development of focused and effective therapies and treatments.  

 

In my research, I took advantage of two neuroimaging evaluations performed during the patient 

clinical workup (WP-1 and -3) or specifically for research purposes (WP-4). In WP-1 and WP-4 the 

quantification of the residual dopaminergic innervation of the striatum in patients with PD was 

assessed with SPECT and FP-CIT. In WP-3 patients with PSP underwent a PET with FDG for a 

proper identification of disease-related brain metabolic alterations. The following paragraphs will 

explain in detail the neuroimaging data acquired in patients with PD (WP-1 and -4) and with PSP 

(WP-3). 

 

6.2.1. Striatal dopamine transporter imaging 
Patients with PD invariably show a loss of dopaminergic neurons in the SNc, and a consequent 

reduction of afferent fibers to the striatum [209]–[212]. The DAT, located at the dopaminergic 

nerve terminals, are also reduced [212], [373]–[376]. 

 

The FP-CIT is a radioligand that selectively binds to the DAT at the striatal level (both caudate and 

putamen nucleus), allowing an indirect measurement of the striatal dopaminergic innervation 

(Figure 8). SPECT with FP-CIT studies consistently showed a reduction of DAT density in PD 

patients [212], [218], [219], [224], [377] and a negative correlation between striatal DAT density 

and akinetic-rigid symptoms [218], [220]–[222]. The rate of decline of DAT binding fits a single 

exponential decline during early to moderate PD. Extrapolating the single exponential decline to 

the preclinical period leads to control values 2–3 years before the onset of symptoms [378]. This 

is in line with pathological studies estimating a 40–60% loss of dopaminergic cells and reduction 
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of synaptic function by up to 80% before the appearance of PD-related motor symptoms [379]. 

This supports the presence in PD of strong compensatory mechanisms over dopaminergic loss, 

possibly determining the clinical phenotype [380].  

 

Figure 8: A) Example of a SPECT with FP-CIT image of a healthy subject and one patient with first-stage PD. 
The striatal nuclei, with a typical comma-shape, are clearly visible in the scan of the healthy subject (on the 
left). The DAT density is similar between the two hemispheres. The patient’s image is instead characterized 
by a loss of DAT mostly involving the putamen (the tail of the comma) (on the right). The dopaminergic 
innervation is asymmetric among the two brain hemispheres, as expected for a patient at clinical stage 1 
according to the H&Y staging system, with the left being more dopamine depleted. The colour code 
represents the estimation of the density of the DAT, with warmer colours indicating higher levels of FP-CIT 
binding. B) Sketch locating the Striatum and the Substantia Nigra pars compacta (in red and blue, 
respectively) in the supraspinal locomotor network. C) Schematic representation of the nigro-striatal 
dopaminergic pathway. 
Abbreviations: CPG: Central Pattern Generators; CLR: cerebellar locomotor region; D2 and D3: dopamine 
receptors type 2 and 3; DAT: dopamine reuptake transporter; H&Y: Hoehn &Yahr scale; MLR: Mesencephalic 
Locomotor Region; SPECT: Single Photon Emission Computed Tomography; FP-CIT: [123I]-N-ω-
fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane; PD: Parkinson’s Disease; PMRF: medullary 
and pontine reticular formations; SLR: subthalamic locomotor region; SNc: Substantia Nigra pars compacta; 
VMAT: vesicular monoamine transporter. 
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For WP-1 and WP-4, scans were performed at the UKW as described by Lapa and colleagues [381]. 

Briefly, data were acquired with a dual-headed integrated SPECT/CT system (Symbia T2; Siemens, 

Erlangen, Germany) equipped with a MELP (medium-energy low penetration) collimator. Scans 

were performed about 3 h after the injection of 150-180 MBq of FP-CIT (GE Healthcare, Munich, 

Germany). Brain reconstruction was performed using OSEM 3D (8 subsets and 8 iterations) with 

the application of 8 mm gaussian filtering. CT-based attenuation correction was also applied 

(Chang’s correction technique). Subsequent analyses were performed using the PMOD software 

(Version 3.2; PMOD Technologies Ltd, Adliswil, Switzerland). In particular, the DAT non-

displaceable binding potential (BP) was assessed for four regions of interest (ROI) in both 

hemispheres, i.e., caudate nucleus, putamen, striatum, and occipital cortex using the formula: 

 

𝐵𝑃 =
𝑐𝑜𝑢𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑡𝑎𝑟𝑔𝑒𝑡 𝑅𝑂𝐼 − 𝑐𝑜𝑢𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑐𝑐𝑖𝑝𝑖𝑡𝑎𝑙 𝑅𝑂𝐼 

𝑐𝑜𝑢𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑐𝑐𝑖𝑝𝑖𝑡𝑎𝑙 𝑅𝑂𝐼
 

 

A normative data range was defined with a group of healthy controls, age- and gender-matched, 

previously acquired and analysed with the same methods. All PD patients recruited for this study 

showed pathological values of striatal dopaminergic uptake, further supporting the clinical 

diagnosis.  

 

In WP-4, based on the residual dopaminergic innervation I identified the least (H+) and most (H-) 

affected hemispheres. 

 

6.2.2. Imaging of metabolic brain activity 
PET with FDG is a well-established molecular imaging exam for the evaluation of metabolic brain 

activity. FDG is a glucose analog with a phosphorylation (18F) that prevents its release from the 

cell before radioactive decay. FDG is also missing the 2-hydroxyl group (-OH), which is needed for 

further glycolysis. Therefore, FDG cannot be metabolized in cells. As a result, the distribution of 

FDG is a good reflection of the distribution of glucose uptake, which closely correlates with tissue 

metabolism. Although mainly used for the clinical workup of metastatic cancers, in recent years 

FDG PET gained increasing value in the differential diagnosis of neurodegenerative parkinsonism 

and dementias [341]. In particular, atypical parkinsonism such as PSP, corticobasal syndrome 

(CBS) and multiple system atrophy (MSA) show distinctive patterns of metabolic brain alterations 

that can be well captured by FDG PET [341], [382]. The importance of FDG PET is further 

underlined by the fact that the correlation between the clinical diagnostic criteria and a 

neuropathological confirmation is still insufficient especially in suspected PSP and CBS cases 

[383], [384].  

 

For WP-3, I recruited patients with PSP who underwent a FDG PET evaluation at the Fondazione 

IRCCS Ca' Granda Ospedale Maggiore Policlinico. Scans were performed with a PET/CT scanner 

Biograph Truepoint 64 (Siemens Healthineers, Erlangen, Germany) for 15 minutes in resting state 

condition. Patients were asked to sit quietly in a dimly lit room for approximately 30 minutes 

between the injection of 150-200 MBq of FDG and the scan. PET sections were reconstructed with 

an iterative algorithm (i.e., ordered subset expectation maximization [8 subsets and 6 

iterations]). Twelve age and gender-matched healthy controls, acquired with the same methods, 

served as a control group. PET data were evaluated with the Statistical Parametric Mapping (SPM 



54 
 

12, Wellcome Department of Cognitive Neurology, London), with false discovery rate (FDR) 

correction for multiple testing (p<0.01) and age at PET scan as nuisance covariate. Significant 

differences between patients and healthy controls were investigated with a paired t-test applied 

to voxel-wise comparisons. Clusters with k≥200 voxels and threshold of p<0.05 family-wise 

corrected (FEW) were considered as significant. After whole brain analyses, spherical volume of 

interest (VOI) of 5 mmm radius were identified, centered in the peak voxel of significant clusters. 

The standardized uptake value ratio (SUVR) of FDG uptake was calculated as follows: 

 

𝑆𝑈𝑉𝑅 =
𝑚𝑒𝑎𝑛 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑣𝑜𝑥𝑒𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑂𝐼

𝑚𝑒𝑎𝑛 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑣𝑜𝑥𝑒𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑙𝑜𝑏𝑎𝑙 𝑏𝑟𝑎𝑖𝑛
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6.3. Experimental sessions – data recording 

 

6.3.1. Movement analysis 
Movement analysis is the common thread through all WP of my research project. This technique 

allows the identification and evaluation of APA in healthy controls [4], [62], [81] and parkinsonian 

subjects [1], [14], [16], [18], [32], [56], as well as the effect of specific symptoms [2], [3], [13] and 

drugs and neurostimulation therapies [19], [33], [34], [76], [385] on the GI performance. Also, it 

was used to effectively explore pathophysiological mechanisms responsible for altered motor 

control at GI [38], [246], [386].  

 

In the context of my research project, movement analysis allowed the recording of synchronized 

kinematic and dynamic measurements in a standardized environment, essential for the 

consistency of measurements across trials and patients. In particular, it provided biomechanical 

measurements directly related to feedforward motor control at GI and motor control during gait, 

which would not be accessible with a simple qualitative/clinical evaluation. It also granted a 

protected environment for the biomechanical assessment, essential for ensuring participants’ 

safety, a fundamental concern when severe balance alterations are present (especially in WP-2 

and 3).  

 

I developed methods for the evaluation of the biomechanical resultants of APA in the context of 

WP-1 [38], then applied to WP-2 and WP-3 (see chapter 7). The biomechanical assessment also 

served to identify windows of interest for investigating brain activity related to the ongoing 

motor programs (WP-4). In this regard, the setup of data synchronization was a crucial step to 

allow for the combination of biomechanical and electrophysiological data (see paragraphs 6.3.3 

and 6.4.2).  

 

Optoelectronic systems and force plates 

The kinematic analysis of GI was carried out in both laboratories thanks to optoelectronic 

systems. This equipment enabled an accurate and non-invasive evaluation of movement. 

Optoelectronic cameras are able to track the position of passive retroreflective markers placed 

on the subject. Each camera is provided with light emitters placed co-axially to the optics: the rays 

emitted by the camera are reflected by the markers, whose position is captured by the optics and 

recorded in the image plane of the camera. The system is then able to reconstruct the 3D position 

of the markers thanks to a triangulation procedure between the data collected by the various 

cameras. 

The UKW and LAMB laboratories were equipped with motion capture systems based on visible 

and infra-red light, respectively, that provided similar results. At the beginning of my PhD course 

(2016– 2018), the UKW lab was equipped with an imaged-based movement reconstruction system 

(Simi Motion 3D 9.1.1, Munich, Germany). The system was composed of nine BASLER cameras 

(sampling frequency set at 100Hz) (Figure 9) placed around the walkway to define a calibration 

volume of approximately 10m3. This technology was based on visible light, and accordingly, has 

both advantages and disadvantages. On one hand, every camera provided the actual video 

recordings on which the 3D reconstruction algorithm acted to track the markers. This enabled 

the user to access the raw data, not only the resulting 3D reconstruction. In case of an error in 
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the reconstructed data, it was possible to manually correct the tracks operating on the original 

video. Additionally, this technique would allow for markerless recordings (not yet implemented 

at the time of the experiment), to track movement based on the shape of the subject rather than 

on marker displacement. This is of great relevance considering the long preparation time needed 

for a traditional gait analysis, especially when evaluating neurological patients under drug 

suspension. On the other hand, the system was quite sensitive to unwanted reflections of visible 

light, leading to frequent reconstruction errors (e.g., “ghost” and mis-labelled markers). Also, 

during data acquisition the light rays emitted by the cameras were visible to the patient and may 

have influenced his/her behavior during the motor performance.  

For all these limitations, after preliminary recordings and testing my research group purchased in 

2018 a new infrared motion capture system (SMART-DX 400, BTS, Milano, Italy) for the UKW 

laboratory, which was subsequently used for WP-1 and WP-4. I personally conducted the full 

installation of the new equipment. The system was composed of six optoelectronic cameras 

(sampling frequency set at 100Hz, Figure 9), placed in the gait laboratory around the walkway. 

The main difference, in regard to the old equipment, relied on the type of light rays used for the 

detection of the markers. The new system used infrared instead of visible light and the light rays 

were therefore invisible to the subject. 

 

However, different from the previous system, the access to the raw data was not allowed. 

Indeed, in order to improve track quality, the user could act only on the reconstructed 3D marker 

trajectories to modify the parameters of the reconstruction algorithm. This prevented the 

recovery of missing samples in case of low data quality. Nevertheless, the device showed good 

performance in reconstructing marker trajectories without the need of relevant user corrections. 

The new device installed at UKW was similar to the one in use at the LAMB (six-cameras, SMART 

1.10, BTS, Milano, Italy, Figure 9). At the LAMB, cameras were placed around the walkway to 

optimize marker detection during GI. The covered calibration volume was about 5 x 3 x 2 m and 

the sampling frequency was set at 60 Hz, the maximum available with this model. This system 

was used to carry out WP-2 and WP-3. Of relevance, both optoelectronic systems were provided 

Figure 9: Motion capture cameras. On the left, a BASLER camera, used at UKW for WP-4; in the centre, a 
BTS SMART-DX camera, used at UKW for WP-1; on the right, a BTS SMART-D camera, used at the LAMB 
laboratory for WP-2 and WP-3 
Abbreviations: LAMB: Laboratorio di Analisi del Movimento nel Bambino; UKW: University Hospital of 
Würzburg; WP: work package. 
 



57 
 

with syncrhonized videocamers (VIXTA, BTS, Milano, Italy), which allowed verification of correct 

task execution for each recording.  

For all studies, I used the LAMB total body protocol for marker placement [387]. The protocol 

was composed of 29 markers placed on specific anatomical landmarks (Figure 10, red dots). To 

automatically compute the main anthropometric measurements (AM) of the subjects, I recorded 

the position of eight additional markers placed on medial positions and on the trochanters 

(Figure 10, blue dots) dur ing a short (~5 sec) standing acquisition (the anatomic calibration trial, 

Figure 12). 

 

During GI trials, the CoP pathway and the GRF exchanged with the floor by the subjects were 

monitored by means of two dynamometric force plates. The function of dynamometric force 

plates is based on the electrical properties of piezoelectric sensors, which produce electric signals 

in response to the applied load. Three piezoelectric transducers are placed under each corner of 

the platform to detect the force components applied in the three directions. The total force 

exchanged between the subject and the floor is obtained by the vector sum of all these 

components. The CoP, which is the point on the platform surface where the resultant force is 

applied, is computed through the static equilibrium equation of the moment. The two 

Figure 10: LAMB protocol for marker placement. Red dots: markers used for GI, standing and walking trials. 
Blue dots: markers added bilaterally for the anatomic calibration trial. During GI, markers were placed 
bilaterally in correspondence to (from the top to the bottom): the temple, the acromion, the lateral 
epicondyle, the ulnar styloid process, the anterior superior iliac spine (ASIS), the middle point of the thigh, 
the lateral condyle, the head of the fibula, the middle point of the shank, the lateral malleolus, the 
calcaneus, the fifth head of the metatarsus and the hallux. On the back, I placed one marker on the seventh 
cervical vertebra, the point of maximum kyphosis, the middle point of the posterior superior iliac spines 
(PSIS, red blurred dot in the figure). Only during the anatomic calibration trial, eight additional markers 
were placed on the trochanters, the medial condyles, the medial malleoli and the first metatarsal heads. 
The anatomic calibration allowed the computation of the main anthropometric parameters. 
Abbreviations: GI: gait initiation; LAMB: Laboratorio di Analisi del Movimento nel Bambino. 
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laboratories were equipped with different models of KISTLER force plates (KISTLER 9260aa at 

UKW and KISTLER 9286a at LAMB, Winterhur, Switzerland). At UKW, I had two platforms 

available, placed side by side along the longer dimension (Figure 11). Sampling frequency was set 

at 800Hz. At LAMB, I used only one force plate, placed horizontally in respect to the walking 

direction (Figure 11), with a sampling frequency of 960Hz. Platforms were embedded in the 

walkway and hidden from the subject’s view by a mat to avoid any possible motor behavior bias.  

 

 

 

6.3.2. Subcortical recordings 
 

The Activa PC+S 

For WP-4, I had the unique opportunity to recruit eight parkinsonian patients who received an 

innovative device for DBS called Activa PC+S (Medtronic, PLC). The Activa PC+S is a prototype 

made available only to a few selected medical centers for research purposes. It was developed 

from the dual channels neurostimulator Activa PC (Medtronic, PLC) which has been in use for a 

long time for the treatment of PD and other neurological disorders. The Activa PC+S allowed, for 

the first time, to collect LFP in freely moving patients months/years after the surgery[285]. 

This device constituted a fundamental technical advance in the study of human locomotion and 

transient gait derangements (e.g., FoG) [44], [45], [286]. It also fostered the study of more 

specific task-related biomarkers [44] that could be used for aDBS paradigms in everyday life [52]. 

Specifically, the Activa PC+S provided, for the first time, deep brain recordings free from the 

“stunning effect”. In previous studies, deep brain recordings were performed only at the time of 

the surgical procedure or shortly after surgery (3 – 7 days) with externalized electrodes [275]–

[279] and thus, were possibly affected by the post-operative peri-electrode edema. For this 

reason, the recorded activity in pre- and post-operative sessions might differ from the real activity 

of the brain nucleus [44], [52], [283]. The relevance of such effect is clearly seen by the temporary 

improvement of motor symptoms immediately after the implantation even in absence of 

stimulation [280]–[282]. Conversely, being a fully implantable device, the Activa PC+S allowed the 

Figure 11: Dynamometric force plates placement. The left panel shows the configuration of the force plates 
at the UKW laboratory. On the right, the setup of the dynamometric force plates at the LAMB. 
Abbreviations: LAMB: Laboratorio di Analisi del Movimento nel Bambino; UKW: University Hospital of 
Würzburg. 
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recording of deep brain nuclei months and years after the implant, without any lesional effects 

and infection risks. Moreover, thanks to the healing of the surgical lesions on the scalp, the Activa 

PC+S allowed for the first time for the combining of STN LFP with high-density EEG recordings. 

This is of utmost relevance to explore network dynamics and their derangements by recording 

multiple hubs (i.e., STN and cortex) of the human locomotor network [45]. 

 

The surgical procedure 

All subjects of WP-4 received quadripolar electrodes (model 3389, Medtronic, PLC), which 

consisted of four platinum-iridium cylindrical contacts of 1.5 mm each, spaced by 0.5 mm. Zero 

and 8 were the lowermost contacts and 3 and 11 were the uppermost contacts; contacts 0–3 

refers to the right hemisphere and contacts 8–11 to the left hemisphere.  

 

In all cases, the implanted target was the STN bilaterally. The target coordinates (i.e., 12 mm 

lateral, 2 mm posterior, 4 mm ventral to the mid-commissural point) were adjusted to patient’s 

specific T2-weighted and susceptibility-weighted magnetic resonance images (Magnetom Trio, 

Siemens Healthcare, Erlangen, Germany). The proper electrode placement was checked by 

means of intraoperative microelectrode recordings and computed tomography scans and further 

confirmed after surgery by means of the SureTuneTM software (Medtronic, PLC) [45], [273]. The 

surgical procedure has been extensively described in Steigerwald et al. 2008 [279]. All patients 

had an implantable pulse generator placed in the chest, under the clavicle, and connected to the 

leads implanted in the brain by means of cable extensions (see Figure 7). 

 

LFP recordings 

The Activa PC+S allowed recordings only with a single bipolar configuration. I chose the two 

contacts surrounding the one used for chronic stimulation (clinically most effective). LFP were 

collected from both STN simultaneously with a nominal sampling frequency of 422 Hz and 

amplified by 1000. Each recording session was limited to 15 minutes, the maximum time for on-

board storage of the data. Each recording session was followed by approximately 15 minutes of 

data downloading. This greatly limited the duration of the experimental protocols as the patients 

were studied in Med-OFF and Stim-OFF condition, which could not be tolerated for long as PD-

related symptoms were rapidly worsening. The recording sessions were kept as short as possible 

because the “sensing mode” of the device drained the battery faster than the conventional 

stimulation modality (one hour of recording shortened the life of the battery of about one day).  

 

Of relevance, for safety reasons, the Activa PC+S was not provided with any output nor input for 

external signals/triggers. To overcome this limitation and allow the synchronization of the Activa 

PC+S recordings with the kinematic data, I used a programmable transcutaneous electrical nerve 

stimulator (TENS) to generate an electrical artifact to be fed into both the PC+S device and the 

kinematic data stream. 

  

6.3.3. Experimental setup 
Each experimental session started with an anatomic calibration trial for the automatic calculation 

of the main AM (see paragraph 6.4.1). This task consisted of a brief biomechanical recording 

(approximately 5 seconds) of the subject standing on the force plates with 37 markers (Figure 

12). I asked the subjects to keep their arms apart and enlarge their BoS to ease the detection of 
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the task at least six times (range 6-10 trials; number of trials was limited due to patients’ medical 

condition). 

For WP-4 I additionally used a bipolar EMG probe (FREEEMG 1000, BTS, Milano, Italy, sampling 

frequency set at 1000 Hz) to synchronize subcortical recordings and biomechanical data (Figure 

14). For synchronization purposes, I used an electrical artifact produced by a TENS device (130 Hz, 

250µs, amplitude as high as tolerated by the patient) recorded simultaneously by the Activa PC+S 

and the EMG probe. As the EMG probe was built in with the optoelectronic system, I could 

synchronize once EMG, kinematic, and dynamic data with the LFP recordings [285]. The TENS 

signal was delivered at the beginning and end of each acquisition. The stimulating electrodes of 

the TENS and the EMG probe were placed on the neck of the patients upon the cable connecting 

the IPG to the DBS electrodes. Each TENS artifact was manually delivered for about 5 seconds. 

Intensity of the TENS was rapidly increased, as much as could be tolerated by the patient, and 

then suddenly switched off. As a marker for synchronization, I used the sharp drop-off of the 

artifact corresponding to the end of the TENS stimulation, clearly visible in both data streams 

(Figure 14 and paragraph 6.4.2). In the “Information for Prescribers” the company recommends 

to not place TENS electrodes so that the TENS current might spread over any part of the 

neurostimulation device. TENS currents are considered possible sources of Electromagnetic 

Interference (EMI) and as such their use in implanted patients is discouraged. However, no 

adverse effects/issues due to the combined use of DBS and TENS are so far known. Of note, the 

Activa PC+S did not provide the possibility of real-time data visualization. This prevented an online 

check for a proper detection of the TENS artifact, thus further increasing the complexity of data 

acquisition. Indeed, in some cases, the TENS was not captured by the Activa PC+S recordings and 

the data had to be discarded. 

Figure 13: Scheme of the experimental protocol adopted for WP-4. Patients were asked to stand still for 
about 30 seconds before the walking trial. The walking trial was performed barefoot over the walkway of 
the lab (approximately eight meters long) at the preferred speed of the subjects. Postural attitude and 
starting foot were not standardized across trial and subjects. 
Abbreviations: WP: work package. 
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Figure 14: On the top left, a FREEMG bipolar probe. The sensor was placed on the neck in correspondence 
to the cable connecting the implantable pulse generator and the electrodes. TENS stimulator electrodes 
were placed near the EMG probe, to allow the electrical artifact to be fed into both EMG and subcortical 
recordings. The green track represents an example of a TENS artifact, as recorded by the EMG probe. The 
artifact lasted about 5 seconds and was clearly visible in the EMG data stream. The sharp drop-off of the 
artifact was used to synchronize biomechanical and subcortical signals. Please refer to paragraph “LFP 
preprocessing” for further information on the synchronization process.  
Abbreviations: EMG: electromyographic; TENS: transcutaneous electrical nerve stimulator. 
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The identification of APA landmarks (AO, HOSW, TOSW) followed a mixed automatic/manual 

approach. The automatic approach showed satisfactory results with healthy controls and PD 

patients with mildly altered APA. It was less reliable when applied to severe parkinsonian patients 

(e.g., patients with FoG, WP-2) or patients with PSP (WP-3). The APA of these subjects were 

severely altered and variable across trials and patients (Figure 16), with respect to the expected 

pattern typical of healthy controls (Figure 15). In these cases, the algorithm for automatic 

identification was prone to frequent errors and the identification of APA was performed mainly 

by means of visual inspection of the CoP track. 

For APA instant detection and phase evaluation, I developed a graphical user interface (GUI) in 

Matlab ambient (R2018b, The Mathworks Inc., USA) which allowed the visualization of CoP 

displacements in the ML and AP directions over time (stabilogram) and the CoP pathway in the 

transversal plane (statokinesigram, see Figure 17). The GUI was provided with functions for 

filtering the CoP tracks. To avoid any distortion in the phase of the signal, I opted for a zero-phase 

Butterworth low pass filter of the 3rd order. The GUI allowed visualization of the effect of two 

different filters with a cut-off frequency of 60 and 30Hz, respectively. The user could plot the 

filtered tracks together with the raw data and compare the action of the filters. After a 

preliminary analysis on the subjects recruited for WP-1, in agreement with previous works, I 

verified that the 30Hz cut-off was the best option to effectively remove the noise from the signal 

for APA phase detection, without introducing distortions in the original track [33], [38]. After the 

pre-processing phase, the user could opt for either the automatic or manual identification of each 

APA instant (i.e., AO, HOSW, TOSW). During the automatic detection procedure, the GUI suggested 

to the user candidate reference points to be checked, confirmed, or changed.  

 

Figure 16: Representative CoP displacement (grey track) during APA at GI of a PSP patient. The trial was 
executed with the left foot as swing limb. APA showed severe alterations. In particular, IMB displacement 
is greatly reduced, and the CoP moves forward rather than backward during this phase. Numbers indicate 
the event sequence. 
Abbreviations: AO: APA onset; AP: anterior-posterior; CoP: Centre of Pressure; GI: gait initiation; ML: 
medio-lateral. 
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Figure 17: Graphical user interface for APA instants identification. The Filtering sections contains all the 
buttons needed to apply and visualize various filtering to the CoP tracks. The Time series section is 
dedicated to the identification of APA instants, providing for a manual or automatic detection procedure. 
When all instants are identified, it is possible to extract the main APA features (e.g., phases duration, CoP 
displacement and velocity etc) and also the main posturography measurements related to the standing 
(e.g., confidence ellipse) preceding the APA onset, thanks to the buttons GAITINI (i.e., abbreviation for 
“gait initiation”) and STANDING, respectively. 
Abbreviations: AP: anterior-posterior; CoP: Centre of Pressure; GAITINI: gait initiation; ML: medio-lateral. 
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The automatic selection of these points was based on an iterative procedure composed by the 

following steps: 

• Identification of a reference point related to the end of the standing phase (STEND). As 

the time of the vocal start signal was not recorded, STEND was considered as the time 

corresponding to 0.5 s before the HOSW. HOSW was defined by means of kinematic 

variables (see below). I chose this specific interval as the average value of the IMB phase 

in the subjects recruited for project WP-1 was of 0.4 seconds. This value was estimated by 

means of a preliminary manual identification of the APA instants, and confirmed by the 

results of WP-1, Wp-2 and WP-3 [38], [75]. 

• Definition of the confidence ellipse during the standing phase. The confidence ellipse 

was drawn as the ellipse containing 95% of the points of the CoP track from the start of 

the recordings till the STEND reference instant (Figure 18). 

• Identification of CoP points outside of the confidence ellipse. In a half-second time 

window, starting from the STEND, all points outside the reference ellipse were identified. 

As postural oscillations may cause the CoP to shortly exit the ellipse before the effective 

APA program, I considered only the portions of CoP track that never re-entered the ellipse 

until the HOSW. The first point outside the confidence ellipse was used as a reference point 

to look for the AO in the preceding time-window (Figure 18). 

Figure 18: CoP trajectory (grey track) in the horizontal plane during the standing phase of a GI 
trial of a patient with PD. The yellow shape represents the confidence ellipse including the 95% 
of CoP points during the standing phase. The pink dot is the first point outside the confidence 
ellipse after the end of the standing phase, indicating that APA started shortly before.  
Abbreviations: AP: anterior-posterior; APA: anticipatory postural adjustments; CoP: Centre of 
Pressure; GI: gait initiation; ML: medio-lateral; PD: Parkinson’s disease. 
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• CoP threshold velocity definition. CoP velocity was calculated during the standing 

window, separately for the ML and AP directions. For each directional velocity, two 

thresholds were defined as the mean plus the standard deviation of the recorded velocity 

during the standing window. For ML direction, the threshold was considered as both 

positive and negative to account for trials executed with the left or the right foot. 

• AO identification. The beginning of the APA was defined as the first observation before 

the point outside of the confidence ellipse (previously defined) in which the CoP velocity 

overcame the threshold in ML or AP direction (Figure 19). 

• HOSW and TOSW identification. The end of IMB and UNL phase were identified as the first 

and second peaks of the absolute ML displacement of the CoP after the AO instant 

(Figure 20). 

Also in the case of automatic detection, the GUI allowed the revision and change of the 

proposed instants. All tracks were visually inspected to correct eventual mistakes.  

After the identification of the APA instants, the GUI allowed the calculation and saving of the 

main CoP features characterizing IMB and UNL phases in terms of duration, ML and AP 

displacement, and velocity. Table 2 shows the formulas used for the calculation of the 

measurements of interest. 

 

 

Figure 19: Anterior-posterior (blue solid line) and medio-lateral (red solid line) CoP velocity over 
time during APA performed by a PD patient. Two thresholds were defined during the standing 
phase separately for the anterior-posterior and medio-lateral velocity (dashed blue and red lines, 
respectively). Pink dots represent CoP velocity along the two directions at the time of exit of the 
CoP from the confidence ellipse (see Figure 18). Blue and red dots show the first points 
overcoming the pre-defined thresholds before the exit of the CoP from the confidence ellipse. AO 
was defined as the time instant corresponding to the first threshold passing (in this case, the red 
dot).  
Abbreviations: AP: anterior-posterior; APA: anticipatory postural adjustments; CoP: Centre of 
Pressure; GI: gait initiation; ML: medio-lateral; PD: Parkinson’s disease 
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Measurement Calculation in Matlab 

 IMBALANCE UNLOADING 

Duration (s) time (HOSW) - time (AO) time (TOSW) - time (HOSW) 

CoP displacement (mm) CoP (HOSW) - CoP (AO) CoP (TOSW) - CoP (HOSW) 

CoP average velocity 

(mm/s) 

abs (CoP (HOSW) - CoP (AO)) / 

(time (HOSW) - time (AO)) 

abs (CoP (TOSW) - CoP (HOSW)) / 

(time (TOSW) - time (HOSW)) 

CoP maximal velocity 

(mm/s) 

nanmax (abs (gradient 

(CoP (AO:HOSW), 1/fs)) 

nanmax (abs (gradient 

(CoP (HOSW:TOSW), 1/fs)) 

 

Table 2: Formulas for the calculation of the main CoP measurements during APA at GI. All displacement and 
velocity measurements were calculated for both ML and AP directions.  
Abbreviations: AO: APA onset; CoP: Centre of Pressure position; fs: sampling frequency; GI: gait initiation; 
HOSW: heel off of the swing limb; TOSW: toe off of the swing limb. 

 

 

 

Figure 20: Example of ML CoP displacement over time during a GI trial of a patient with PD. After the 
identification of the AO instant, the HOsw and the TOsw were identified as the peaks of the absolute medio-
lateral CoP displacement after AO. The pink dot represents the exit of the CoP from the confidence ellipse. 
The three instants of APA allowed the identification of the standing, IMB and UNL phases.  
Abbreviations: AO: APA onset; AP: anterior-posterior; APA: anticipatory postural adjustments; CoP: Centre 
of Pressure; GI: gait initiation; HOSW: heel off of the swing heel; IMB: imbalance phase; ML: medio-lateral; 
PD: Parkinson’s disease; TOSW: toe off of the swing foot; UNL: unloading phase. 
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Kinematic measurements 

The kinematics served to define the main features of the CoM at the relevant points of the APA 

dynamics. The final aim of APA is to accelerate the CoM forward while effectively controlling for 

balance and posture. The CoM displacement, velocity, and acceleration at the end of the various 

APA phases can be therefore, considered as indexes of the effectiveness of APA programming 

and execution, and postural control during the GI task [18], [38], [56], [200].  

First, marker tracks were labelled according to the LAMB protocol and corrected for small 

reconstruction mistakes with the software SMART Tracker (BTS, Milano, Italy). The cleaned tracks 

were then interpolated with piecewise cubic spline interpolation and filtered with a 5th-order 

lowpass Butterworth filter (cut off frequency: 10 Hz) [38], [200] . 

For the calculation of the CoM, the body was modelled with 16 body segments: the head, the 

arms, the forearms, the hands, the chest, the abdomen, the pelvis, the thighs, the shanks and the 

feet. The position of each segmental CoM as well as the mass of each body segment were 

obtained from the anthropometric tables and regression equations provided by Zatsiorsky and 

Seluyanov [388]. The position of body CoM was calculated as the weighted average of the 

position of each body segment, as follows: 

𝐶𝑜𝑀 =
∑ 𝑆𝑐𝑜𝑀𝑗

16
𝑗 × 𝑚𝑗

𝑀
 

where SCoM and m are the displacement and mass of the j-th segmental Center of Mass, 

respectively, and M is the total body mass of the subject.  

Figure 21: On the left, the raw trajectories of CoP (blue line) and CoM (black line) displacement in the 
transversal plane during the standing phase of a GI trial executed by one healthy subject. Of note, the 
average value of the two trajectories is different but the oscillation of the two tracks is similar. On the right, 
the difference between the average values of the two tracks was subtracted to the CoM displacement to 
obtain a superimposition of the two signals. 
Abbreviations: AP: anterior-posterior; CoM: Centre of Mass; CoP: Centre of Pressure; GI: gait initiation; ML: 
medio-lateral. 
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The position of the CoM in respect to CoP and the CoM velocity and acceleration, were evaluated 

at the relevant points of APA (HOSW and TOSW) and at the toe off of the stance limb (TOST). For 

this step of the analysis only, CoP track was downsampled at the frequency of the kinematics, for 

sake of comparison between the two tracks. Of note, since the calculation of the position of the 

CoM is based on a model of the human body, its average value over time might be different from 

the real one, due to imprecise marker placement, mass distribution, and/or subject-specific 

features. In agreement with the inverted pendulum model for human posture [78], it can be 

assumed that during quiet standing the average value of the CoP and CoM position in the 

transversal plane are equal, since the subject is still. Based on this assumption, I calculated the 

average value of CoP and CoM displacement in the transversal plane during the standing phase 

before AO. The shift between the two signals was then subtracted from the CoM trajectory to 

superimpose the two tracks (Figure 21) and grant a correct estimation of the CoM position. 

I then identified the key features of the first step executed by the subject by means of the markers 

placed on the feet (Figure 22). Effective first step at GI is needed to counteract the imbalance 

caused by the voluntary CoP backwards displacement [78]. First, I detected all peaks above the 

25% of the maximum value of the vertical displacement of the markers placed on the lateral 

malleoli. The first detected peak allowed the identification of the swing foot. Heel off of the swing 

foot was detected by imposing a threshold equal to the mean plus one standard deviation of the 

value recorded during the standing phase, from the beginning of the acquisition till one second 

before the first peak. The heel contact of the swing foot was detected on the track of the marker 

placed on the heel of the same foot. The heel contact was defined as the minimum between first 

Figure 22: First step identification of a GI trial of a healthy subject. The figure shows the vertical 
displacement of the markers placed on the left lateral malleolus (pink line), left heel (red line) and right 
heel (blue line) during a GI trial (timeline cut from 30 seconds till the exit of the subject out of the calibration 
volume). The swing foot in the examined trial is the left. Pink dot: HOSW; red dot: heel contact of the first 
step (HCSW). Each step is characterized by the typical bell-shaped curve, which describes the swing phase 
of the considered step. Of note, foot clearance during the first step is considerably lower with respect to 
the subsequent steps. 
Abbreviations: GI: gait initiation; HCSW: heel contact of the swing foot; HOSW: heel off of the swing foot. 
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and second vertical peaks. First step was defined as the interval between the identified heel off 

and heel contact. It was characterized in terms of length and average and maximum velocity. The 

procedure for the identification of the first step was included in the previously described GUI. The 

user was asked to check and correct the identified instants if needed. Last, CoP position, in 

respect to the line connecting the markers placed on the heel, was extracted at HOSW and TOSW, 

to evaluate the position of the CoM in respect to the posterior margin of the BoS. 

The second part of the kinematic analysis was dedicated to the definition and calculation of the 

BoS and AM parameters to assess their influence on the GI measurements. Of note, the choice of 

the BoS was left to the subject to avoid any alterations of his/her preferred postural strategy. For 

each GI trial, I computed the main features of the BoS, similarly to what is shown by Rocchi and 

colleagues [32]. The BoS was characterized in terms of (Figure 23): 

• BoS width (BoSW, cm): the distance between the ankle articular centers, estimated as 

the middle points between the lateral and medial malleoli. 

• BoS area (BoSA, cm2): the area internal to the boundaries connecting the markers placed 

on the feet. 

• The opening angle of the BoS (β, deg): the sum of left and right extra-rotation angles (βL 

and βR, respectively), computed with respect to the horizontal line of the reference 

system of the laboratory. 

• The difference between feet extra-rotation angles (βΔ, deg): the absolute value of the 

difference between βL and βR. 

• Foot alignment (FA, cm): the AP distance between the markers placed on the heels. 

The anatomic calibration trial preceding GI evaluation served for the calculation of the main AM. 

For all subjects I computed the following measurements: 

• Body height (BH, cm): the distance between the marker placed on the seventh cervical 

vertebra and the floor increased by 20%. 

• Limb length (LL, cm): the distance between the marker placed on the trochanters and on 

the lateral malleolus. 

• Foot length (FL, cm): the distance between the markers placed on the heel and the hallux. 

• Inter-ASIS distance (IAD, cm): the distance between the markers placed on the left and 

right ASIS. 

• Body mass (BM, Kg): the average value of the vertical GRF during the anatomic 

calibration.  

• Body mass Index (BMI, Kg/cm2): the ratio between the BM and the squared BH. 

This set of parameters served for estimating and removing the influence of the AM on the 

outcome variables of GI. Table 3 lists and describes the extracted AM, BoS and GI measurements 

and their abbreviations. 
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Figure 23: BoS parameters. Green dots represent the markers used during GI trials, blue dots are the 
additional markers placed only during the anatomic calibration trial and exploited to obtain BoS parameters 
and the anthropometric measurements (AM). BoSW was computed as the distance between the two ankle 
joint centres, considered for each foot as the middle points between the two malleoli. The BoSA was 
calculated as the pink area described by the line connecting the markers placed on the feet (black line). βL 
and βR are the left and right feet extra-rotation angles, respectively, computed for each foot as the angle 
between the axis passing through the malleoli and the horizontal axis of the reference system of the 
laboratory. The BoS opening angle (βΔ) was obtained as the sum of these two angles. To account for 
eventual asymmetric feet placement, the difference between the two extra-rotation angles (βΔ) as well as 
the anterior-posterior distance between the markers placed on the two heels (FA) were considered. 
Abbreviations: BoS; Base of Support; BoSA; Base of Support Area; BoSW: Base of Support width; FA: foot 
alignment; GI: gait initiation; βL and βR: left and right foot extra-rotation angles. 
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Table 3: List of the extracted AM, BoS and GI measurements. GI measurements were subdivided into 
imbalance, unloading, and stepping phase.  
Abbreviations: AM: anthropometric measurements; AP: anterior-posterior; BoS: Base of Support; CoP: 
Centre of Pressure; CoM: Centre of Mass; GI: gait initation; IMB: imbalance; ML: medio-lateral; UNL: 
unloading. 

 

 Abbreviation Description Decomposition 

Anthropometric 

Measurements 

(AM) 

BH  Body Height (cm)  

IAD  Inter Anterior Superior Iliac Spine Distance (cm)  

LL  Limb Length (cm)  

FL  Foot Length (cm)  

BM  Body Mass (kg)  

BMI  Body Mass Index (kg/cm2)  

Base of Support 

(BoS) 

BA Base of Support Area (cm2)  

BoSW Base of Support Width (cm)  

FA Foot Alignment (cm)  

Δ Difference between feet extra-rotation angles (°)  

 BoS opening angle (°)  

Imbalance 

phase (IMB) 
AOCoPD 

CoP distance from the line passing through the 

markers on the heels at APA onset (%FL) 
AP 

IMBT Imbalance duration (s)  

IMBD Imbalance CoP displacement (mm) AP, ML 

IMBAV Imbalance CoP average velocity (mm/s) AP, ML 

IMBMV Imbalance CoP maximal velocity (mm/s) AP, ML 

IMBCoMV CoM velocity at imbalance end (m/s)  

IMBCoMA CoM acceleration at imbalance end (m/s2)  

IMBCoPCoM CoP-CoM distance at imbalance end (m)  

IMBSLOPE 
Orientation of CoP-CoM vector with respect to the 

progression line at imbalance end (deg) 
 

HOCoPD 
CoP distance from the line passing through the 

markers on the heels at swing heel off (%FL) 
AP 

Unloading 

phase (UNL) 

UNLT Unloading duration (s)  

UNLD Unloading CoP displacement (mm) AP, ML 

UNLAV Unloading CoP average velocity (mm/s) AP, ML 

UNLMV Unloading CoP maximal velocity (mm/s) AP, ML 

UNLCoMV CoM velocity at unloading end (m/s)  

UNLCoMA CoM acceleration at unloading end (m/s2)  

UNLCoPCoM CoP-CoM distance at unloading end (m)  

UNLSLOPE Slope of CoP-CoM vector at unloading end (deg)  

TOCoPD 

CoP distance from the line passing through the 

markers on the heels at the swing foot toe off 

(%FL) 

AP 

Stepping phase TOCoMV CoM velocity at stance foot toe off (m/s)  

TOCoMA CoM acceleration at stance foot toe off (m/s2)  

SL First step length (m)  

SAV First step average velocity (m/s)  

SMV First step maximal velocity (m/s)  
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Partial correlation analysis 

In each study, I considered the AM and the BoS specific to each subject. AM and BoS are of great 

interest when studying GI, since they may substantially affect the outcome variables of the 

performance, playing a confounding effect. It is important to notice that matching the recruited 

groups for AM is essential but not sufficient to avoid a possible influence of these parameters on 

the outcome measurements. In this regard, a normalization procedure is far more effective [389]. 

Surprisingly, despite BoS’ proven role in affecting GI measurements, [32], its influence has been 

neglected in previous studies on the topic. 

First essential step of all WP was to assess the relation between the AM and BoS variables and 

the GI measurements (Figure 24). To investigate the influence of AM and BoS on the GI 

measurements, I applied a partial correlation analysis able to disentangle the specific effect of 

the AM and BoS parameters on the set of variables of interest. Given three sets of variables X, Y, 

and Z, where Z is the outcome set of variables (i.e., the GI measurements) and X and Y are the 

two confounding sets of variables (i.e., the AM and BoS parameters), partial correlation allows 

computation of the correlation between X and Z, controlling for the influence of Y. More 

specifically, this data analysis technique calculates separately the linear regression between X and 

Z and between Y and Z. The residuals are compiled and the correlations between the residuals of 

the two models are computed. The following formula expresses the calculation of the sample 

partial correlation coefficient  between X and Z, accounting for the influence of a third set 

of variables Y: 

 

Figure 24: Relationship between the set of parameters taken into consideration in the assessment of GI. 
The aim of each WP was to characterize how the disease/symptoms affect the GI. AM and BoS might play 
as confounding factors on the outcome measurements. The relation between AM and BoS in physiological 
and pathological conditions are still unknown and, to some extend unforeseeable. Green arrows: 
connections of interest between parameters. Red arrows: confounding influences across measurements. 
Abbreviations: AM: Anthropometric Measurements; BoS: Base of Support; GI: Gait Initiation. 
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where 𝑒𝑋𝑖 and 𝑒𝑍𝑖  are the residuals of the linear regression models between X and 𝑌 and between 

Z and Y, respectively. The procedure can be repeated to calculate the partial correlation 

coefficient between Y and Z accounting for the influence of X. 

I calculated the partial correlation coefficient between the GI and BoS measurements, correcting 

for the AM, and between the GI measurements and AM, correcting for the BoS measurements. I 

used the function partialcorr of Matlab and considered a p-value of 0.01 and a partial correlation 

coefficient equal or higher to 0.5 as thresholds for significant correlation. For each WP, the 

analysis was applied separately for each recruited group. Of note, to allow the comparison across 

groups after the application of the partial correlation analysis and the further normalization 

procedure for the influence of the AM, I applied the partial correlation analysis on the z-score 

values. I calculated the z-score by subtracting from each observation the average value and 

dividing by the standard deviation of the variables computed internally for each group. 

The partial correlation coefficient identified the GI variables affected by the BoS, which I excluded 

from further analyses. I opted for this conservative approach, as it is not possible to define what 

BoS parameters are affected by the disease per se (or by specific disease-related symptoms, e.g., 

rigidity) and voluntary (conscious or unconscious) compensatory attempts to increase postural 

stability and balance control. Indeed, PD patients were shown to adopt a (counterintuitive) 

narrow-based gait and were impaired in the modulation of their BoS [65], [382], [390]–[393]. 

Conversely, patients with PSP showed a broad BoS during standing [382]. 

All the GI measurements, solely dependent from the AM, were instead normalized. This 

procedure was possible as AM are not affected by patients’ clinical condition, except for rare 

cases (e.g., camptocormia or weight loss due to severe dyskinesias) anyhow not present in the 

populations included in these studies. For the normalization, I adopted one of the approaches 

described by O’Malley [389], called by the author decorrelation normalization (Figure 25). Among 

the techniques presented in the paper, I chose the decorrelation normalization as it allows the 

removal of linear correlations between variables, the same type of relation identified with the 

partial correlation analysis. In particular this process allows each observation to be represented 

as its distance from the linear model fitting the data in the bidimensional space described by the 

two variables. This distance is, by definition, not correlated with both variables describing the 

space (Figure 25). 

Given two variables x (i.e., AM measurement) and y (i.e., a GI measurement), resulted to be 

significantly correlated from the partial correlation analysis, the decorrelation normalization 

applies to each i-th observation as follows: 

𝑑𝑖 =
𝑦𝑖 − 𝑚𝑥𝑖 − 𝑐

√𝑚2 + 1
 

where xi and yi are the values of the variables x and y for the i-th observation, m and c are the 

angular coefficient and the intercept of the linear model (y=mx+c) fitting the data in the x-y plane, 

respectively, and di is the resulting distance between the i-th observation and the linear model 

fitting the data (Figure 25). 
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The decorrelation normalization has the great advantage of being a simple technique to apply 

and eliminate any linear correlations across the variables. On the other hand, the resulting 

variables have an unclear unit of measurement and data may be difficult to interpret. For this 

reason, the statistical analysis across groups was performed on the decorrelated data, but the 

biomechanical data in tables are presented as the mean and standard deviation of the original 

distribution.  

 

6.4.2. Standing and walking: WP-4 
 

Kinematic analysis 

For WP-4, I first defined the standing and walking intervals. The standing was identified as the 

initial part of the trial, from 1 s after the synchronization artifact till 1 s before the first heel off. 

The video of each recording was checked to ensure the patient was standing still during this 

period. Trials in which patients were moving or talking were discarded from the analyses.  

For the walking interval, I included only the portion at steady-state velocity to avoid any influence 

given by gait modulation (acceleration or deceleration phase). Specifically, after reconstructing 

and labeling the marker tracks for each trial, I interpolated with piecewise cubic spline 

interpolation and filtered with a 5th-order lowpass Butterworth filter (cut off frequency: 10 Hz) 

the data [38], [200]. I then computed the AP velocity of the marker placed on the middle point 

between the PSIS, which was previously shown to be a good approximation of the CoM [394]. 

The velocity was computed in the walking central portion, i.e., between one meter before and 

one after the middle point of the marker trajectory. I defined two thresholds as the average ± 

two times the standard deviation and excluded the parts in which the velocity exceeded these 

thresholds (i.e., acceleration and deceleration phase (Figure 26). 

 

 

Figure 25: Example of the decorrelation normalization procedure. Gray points depict the observations in 
the plane described by two variables x and y, linearly correlated to each other. The dashed blue line 
represents the linear model fitting the data. In this case, the constant c of the model is equal to zero. To 
decorrelate the outcome variable y, each point can be described as its distance di from the line fitting the 
data. This distance is not correlated with the two variables generating the data distribution. 
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Figure 26: AP velocity of the marker placed on the middle point (MX) between the two PSIS of a patient 
(blue line) during a walking trial. The black line represents the average value computed in the central two 
meters of the walking pathway (in this specific trial covered by the patient between 38.15 and 39.01 s). I 
analysed the walking period at steady-state velocity, i.e., when the AP velocity was inside a range defined 
as the average value ± two times the standard deviation (green lines) computed in the central portion of 
the walking pathway. Red circles identify the beginning and end of gait at steady-state velocity.  
Abbreviations: AP: anterior-posterior; PSIS: posterior superior iliac spines. 

Figure 27: Trajectories of the markers placed on the left and right heels (red and blue lines, respectively). The 
peaks of the trajectories (red and blue circles) correspond to the maximum foot clearance during each swing 
phase and served to identify windows for the detection of left and right heel contacts (red and blue asterisks, 
respectively). 
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The main gait cycle events (i.e., heel contact and toe off instants) were identified by means of the 

markers placed bilaterally on the heel and the tip of the hallux. The heel contacts were detected 

as the local minima of the vertical trajectories of the markers on the heels in between subsequent 

peaks, correspondent to each swing phase (Figure 27). The toe off events were identified as the 

instant between two subsequent heel contacts in which the AP coordinate of the marker on the 

hallux advanced 1 cm with respect to the average value computed during the stance phase  

(Figure 28). 

 

 

LFP preprocessing 

I implemented a pipeline for data synchronization in Matlab ambient (R2018b, The Mathworks 

Inc., USA) which included the following steps: 

 

• Automatic TENS artifacts identification 

The pipeline defined the windows of interest in both the LFP and EMG recordings where 

the initial and final TENS artifacts were most likely to be present (Figure 29). The 

identification of the windows including the TENS artifact worked with a threshold-based 

criterion applied on the filtered signal around the TENS frequency (i.e., band-passed from 

128 to 132Hz). The last peak of each detected TENS artifact was identified for further 

analyses and displayed to the user for a visual check. Only one LFP channel (the first) was 

considered for TENS identification. The pipeline allowed changing the LFP channel used 

for identification of the TENS artefacts and allowed for manual modification of the 

detected instants if necessary.  

 

Figure 28: AP displacement of the markers placed on the left and right halluces (red and blue line, 
respectively). For each stance phase, the toe off of the left and right foot (red and clue crosses, 
respectively) was detected as the instant between two subsequent heel contacts (asterisks) in which the 
AP coordinate increased by 1 cm with respect to the average value computed over the preceding stance 
phase. 
Abbreviations: AP: anterior-posterior. 
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• LFP sampling frequency calculation 

After the definition of the TENS artefacts in LFP and EMG recordings, the inter-TENS 

distance was calculated for both data streams. The two TENS artifacts were fundamental 

for the computation of the correct sampling frequency of the Activa PC+S device, which 

could differ from the nominal value of 422Hz (mean: 421.94Hz, SD: 0.18Hz). I calculated 

the real sampling frequency as follows: 

 

𝑓𝑠 =  
∆𝑇𝐸𝑁𝑆 𝐿𝐹𝑃

∆𝑇𝐸𝑁𝑆 𝐸𝑀𝐺
× 422 

where ΔTENS LFP and ΔTENS EMG were the distances in samples between the first and last 

TENS artifacts in the LFP and EMG data streams, respectively, and 422 is the nominal 

sampling frequency of the Activa PC+S. 

 

• Resampling at 400Hz 

LFP recordings were resampled at 400Hz for further analyses as follows: 

 

[𝑝, 𝑞] = 𝑟𝑎𝑡 (
400

𝑓𝑠
) 

 

Figure 29: Automatic TENS artifact identification on an LFP recording. The grey line in the top panel 
shows the raw neural data recorded during a trial in the left STN of one PD patient. The red line 
displays the signal filtered around the frequency of the TENS (130 Hz) and the black crosses show 
the beginning and end points of the windows of interest, including each TENS artifact, identified 
with a threshold criterion. The bottom panels show a close-up of the first (on the left) and last (on 
the right) TENS artefact. For each identified TENS artifact, the pre-processing pipeline saved the 
last peak (blue stars) as reference point for further analysis (i.e., resampling and synchronization).  
Abbreviations: LFP: local field potentials; TENS: transcutaneous electrical nerve stimulator; PD: 
Parkinson’s disease; STN: subthalamic nucleus. 
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𝐿𝐹𝑃𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒𝑑 = 𝑟𝑒𝑠𝑎𝑚𝑝𝑙𝑒(𝐿𝐹𝑃, 𝑝, 𝑞) 

 

where rat is a Matlab function computing the rational approximation of the ratio between 

the new sampling frequency (400Hz) and the actual LFP frequency (fs). The result was 

then used to sample down the LFP signal with the resample function by means of a linear 

approach.  

 

•LFP shift and alignment  

I kept the timeline of the biomechanical data as reference for the LFP timeline 

realignment, in order to easily analyze LFP signals based on kinematic events. For each 

trial I calculated the difference between the end of the first TENS artifact of LFP and EMG 

recordings and multiplied it for the new LFP sampling frequency (400Hz). LFP recordings 

were then shifted forward or backward for a number of samples equal to the inter-TENS 

distance. For shifting the signals forward, I added a vector of zeros, of length equal to the 

inter-TENS distance at the beginning of the signal. For the shift backwards, a number of 

samples equal to the inter-TENS distance was deleted from the beginning of the signal 

(Figure 30). 

 

• Signal cut 

To exclude any rebound of the LFP signals due to the TENS artifact from the analysis, I 

considered only the LFP portion between 2 s after the end of the first TENS till 2 s before 

the second TENS.  

 

 

 

Figure 30: Synchronization process. In the top panel, the z-score of the EMG (green line) and 
resampled LFP (grey line) signals recorded during a trial of one PD patient are shown with their 
respective timelines. The TENS artifacts are not aligned across the two data streams, and they 
appear before in the timeline of the LFP data stream. The LFP signal was therefore shifted forward 
a number of samples equal to the inter-TENS distance across the two signals (bottom panel).  
Abbreviations: EMG: electromyography; LFP: local field potentials; TENS: transcutaneous electrical 
nerve stimulator; PD: Parkinson’s disease. 
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• Artifact removal 

After the synchronization and resample processes, I visually inspected the data. The LFP 

recordings were affected by three types of artifacts:  

 

o The first and most relevant artifact was related to the cardiac activity. This was 

present especially in the most ventral contacts [284], [285]. The main issue of the 

cardiac artifact was related to its frequency content, which extends from very low 

frequency to up to 40Hz [285], thus interfering with LFP recordings in alpha and 

beta bands. The signal to noise ratio of the heart activity was also quite variable, 

thus making the cardiac artifact either clearly visible or almost completely hidden 

by the neural activity across subjects and trials. To remove this artifact, for each 

trial and subject I identified the location of the QRS peaks, and the mean and 

standard deviation of heart rate based on the EMG recording of the probe 

positioned on the neck (Figure 31). 

 

This was possible as the probe used for TENS synchronization also recorded the 

mechanical artifacts of the carotid pulse. I then epoched the LFP signals with 

reference windows centered at the QRS peaks and equal to the mean plus two 

times the standard deviation of the heart rate. On the epoched data, I applied the 

singular value decomposition technique to identify the various components of 

the neural signals. Components were visually inspected to identify the ones 

related to the cardiac activity and then removed (Figure 32). The effect of the 

removal was visually checked and approved/discarded by the user. 

 

Figure 31: Exemplificative detection of QRS peaks (red dots) related to cardiac activity on 
the EMG signal (green line) of one PD patient recorded during a trial. Of note, EMG signal 
was resampled at 400Hz to allow the location of the peaks on the LFP timeline (in the 
figure 400 samples correspond to 1 s acquisition).  
Abbreviations: EMG: electromyography; GI: gait initiation; LFP: local field potentials; PD: 
Parkinson’s Disease. 



82 
 

o The second artifact encountered in the LFP recordings was related to a status 

interrogation of the PC+S device. The peculiar shape of this artifact, which 

consisted of a biphasic transition of about 500 ms, made it clearly recognizable. 

It rarely occurred and was easily removed by rejecting the time intervals in which 

the artifact appeared.  

 

o The last artifact was due to the internal clock of the device and the multiplexer 

sampling circuitry. It was a rhythmical artifact with a frequency equal to one 

quarter of the chosen sampling frequency (i.e., 105Hz). The artifact did not affect 

my analyses since its frequency was far above the frequency band considered. 

Either way, it could have been removed by a Notch filter if necessary [285].  

 

 

LFP processing 

After the cleaning process, I proceeded with a time-frequency analysis during the walking and 

standing periods, as identified by means of the kinematic data. Data of each hemisphere were 

analyzed separately and grouped across patients into more and less dopamine depleted 

hemispheres (i.e., STN- and STN+), according to the results of the FP-CIT SPECT. I epoched the 

neural data during walking into strides (i.e., from heel contact to the subsequent heel contact of 

the same foot) and applied a time-frequency decomposition with 46 Morlet wavelets between 5 

Figure 32: Processing for cardiac artifact removal. Top left: the LFP signal recorded in the 
left STN of one PD patient epoched on the QRS peaks as detected by the EMG recording.  
Top right: the ten components resulting from the singular value decomposition. I was 
able to select the components related to cardiac activity (in this case, components 1, 2 
and 3) and visualize the signal reconstructed with only these three components 
(“artifacts”, bottom left panel). The filtered version (band-passed 1÷80Hz) of the 
artifactual reconstruction was then subtracted from the signal (bottom right panel). Of 
relevance, the subtracted components do not solely model the cardiac artifact but 
include also neural content. The cleaning process might therefore affect neural 
components of the signal to some extent. 
Abbreviations: ECG: electrocardiography; EMG: electromyography; GI: gait initiation; LFP: 
local field potentials; STN: Subthalamic nucleus; PD: Parkinson’s disease. 
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and 40 Hz (central frequency set at 1 Hz, Full Width Half Maximum of 3 s, [395]. As stride duration 

varied across repetitions, the time-frequency representation was normalized by means of a time-

warping algorithm with a third-order polynomial interpolation [396] to a 1.15 s window, equal to 

the mean stride duration across all recruited patients (see chapter 7). Time-warping was applied 

with a 1.5 s window to avoid border effects. I purposefully chose this window duration to be 

longer than the maximum stride duration recorded in the population of patients (see chapter 7). 

Similarly, for the standing period I identified subsequent non-overlapping epochs of 1.15 s each 

and computed the time-frequency representation for each window. In this case, the time-warping 

was not needed as no cyclic events related to standing were identified. For each epoch and 

condition (i.e., walking and standing) I estimated the power spectral density (PSD) by integrating 

the time-frequency representation over time. The mean PSD was computed for each condition as 

the average across epochs. The PSD were characterized by the co-presence of oscillatory 

components and a broadband pink noise, inversely proportional to the frequency (∝ 1/f). The 1/f 

component might hinder a proper detection of frequency peaks and frequency modulation 

across conditions, especially at low frequencies. To mitigate its influence, I modeled the average 

PSD of each condition into a sum of periodic oscillatory components and an aperiodic component 

described by a power law fit [397]. The aperiodic component was then removed from the PSD of 

each epoch with a parametrization procedure, thus allowing the analyses of the true oscillatory 

component only. 

The PSD during walking and standing epochs obtained after the 1/f removal were then used for 

information analyses. Specifically, the mutual information [398] provides a quantitative 

evaluation of the reduction of uncertainty in determining the state of a system by knowing a 

neural activity feature [399], [400]. In this case, I used the information theory to quantify the 

information carried by a set of specific features (F) of the LFP activity over the state of the system 

(S, i.e., walking and standing). All information analyses were carried out with the Information 

Breakdown Toolbox [401]. 

The mutual information between the state of a system S and a neural feature F, is computed as: 

𝐼(𝑆; 𝐹) = ∑ 𝑃(𝑠) ∑ 𝑃(𝑟|𝑠)𝑙𝑜𝑔2

𝑟𝑠

𝑃(𝑟|𝑠)

𝑃(𝑟)
 

where P(s) is the probability of the system to be in the state s, P(r) is the probability of the feature 

to assume the value r, and P(r|s) is the probability of the feature to assume the value r in an epoch 

given a state s. I analyzed a set of six features: 

i. the frequency showing the highest peak (fPEAK) in the beta band (13-30Hz). 

ii. the power over the entire beta band (PBETA). 

iii. the power in the range fSTAND±2Hz (PSF), where fSTAND was defined as the frequency peak 

characterizing the average PSD during standing and identified as the frequency of the 

Gaussian component G with the highest amplitude in the parameterization process of the 

PSD. 

iv. the power in the range fWALK±2Hz (PWF), where fWALK was defined as the frequency peak 

characterizing the average PSD during walking and identified as the frequency of the 
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Gaussian component G with the highest amplitude in the parameterization process of the 

PSD. 

v. the maximally informative frequency (fMIF). This value was identified specifically for each 

patient by computing the spectral information [402], [403], that is, the information 

carried by the amplitude of the PSD at each frequency bin (5-40Hz). The fMIF was defined 

as the frequency bin showing the highest significant peak. 

vi. the power in the range fMIF±2Hz (PMIF), where fMIF was defined as described in the previous 

point. 

The information carried by each feature was computed separately for the two STN of the more 

and less dopamine depleted hemispheres (i.e., STN- and STN+). The information over the state of 

the system S carried by the joint knowledge of a feature bilaterally (F1, F2) was then computed as: 

𝐼(𝑠; 𝐹1, 𝐹2) =  ∑ 𝑃(𝑠) ∑ 𝑃(𝑟1, 𝑟2|𝑠)𝑙𝑜𝑔2

𝑃(𝑟1, 𝑟2|𝑠)

𝑃(𝑟1, 𝑟2)
𝑟1,2𝑠

 

where P(s) is the probability of the system to be in the state s, P(r1, r2|s) is the joint probability of 

the first feature to assume the value r1 and the second feature to assume the value r2 given a state 

s, P(r1, r2) is the joint probability of the first feature to assume the value r1 and the second to 

assume the value r2. 

Additionally, the information redundancy was calculated as follows: 

𝑅𝑒𝑑(𝑠; 𝐹1, 𝐹2) = 𝐼(𝑆; 𝐹1) +  𝐼(𝑆; 𝐹2) −  𝐼(𝑆; 𝐹1, 𝐹2)  

This calculation allows estimation of the amount of information shared between the two 

features. In this way it is possible to optimize the number of monitored features to satisfactorily 

predict the state of the system. If the redundancy is inferior to the amount of the information 

carried by each single feature, each feature carries some independent information.  

Due to the limited number of trials available, the estimated information was corrected with the 

Panzeri-Treves (PT) bias correction [404], available in the Information Breakdown Toolbox [401]. 

Mutual information was considered significant on the basis of a bootstrap test, i.e., when the 

information carried by a feature was higher than the 95th percentile of the information carried by 

randomized data in 100 repetitions.  

The capacity of the defined features for discriminating the state of the system into two classes 

(i.e., standing and walking) was tested by means of a binary logistic regression classifier. A linear 

relationship between the different nth features x was defined as: 

ℎ𝛼(𝑥) =  𝛼0 + 𝛼1𝑥1 + 𝛼2𝑥2 + ⋯ +  𝛼𝑛𝑥𝑛 

The linear-based classification aimed at finding a family of parameters α, that optimally separated 

the two classes based on the selected features. The probability of belonging to one of the two 

classes (c1 and c2) was then determined as: 

𝑃(𝑐1|𝑥, 𝛼) = 𝑔(ℎ𝛼(𝑥)) 

𝑃(𝑐2|𝑥, 𝛼) = 1 − 𝑃(𝑐1|𝑥, 𝛼) 
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where g(∙) is a sigmoid function to limit the probability between zero and one. The features 

included in the linear regression model were fPEAK, PSF, PWF, PBETA, and PMIF, each one alone or 

specific combination pairs, separately for each hemisphere or combining the two sides together 

(see chapter 7). Models were validated with a leave-one-out cross validation approach. Since the 

number of epochs of standing and walking were different for each patient, I defined 100 

subsamples of randomly selected epochs. Specifically, I randomly selected without replacement 

N standing epochs equal to the number of available walking epochs and merged the two datasets 

to build one subsample. For each patient, I evaluated the performance of the classifier on each 

subsample as the percentage of epochs correctly classified as standing or walking. The 

performance was then averaged across the 100 subsamples. I also evaluated the performance of 

the classifiers by means of the Receiver Operating Characteristic (ROC) curve, which plots the 

true positive rate (sensitivity) against the false positive rate (1-specificity) for different thresholds. 

By computing the area under the ROC curve (AUC), I was able to estimate the accuracy of the 

classifier in correctly identifying the state of the system. An AUC equal to 0.5 indicates a chance-

level accuracy, while an AUC of 1 corresponds to no error in the classification. 
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7. Results 
 

7.1. WP-1: Role of striatal dopamine at Gait Initiation in Parkinson’s disease 

 

Aim: to investigate the role of striatal dopamine in APA programming 

 

7.1.1. Background 
The contribution of the basal ganglia dopamine to GI execution is still largely unknown. Previous 

evidence suggests a fundamental role of dopamine [255], [405] and the cortico-basal ganglia 

circuitry [134], [406], [407] in the regulation and initiation of locomotion. Specifically, striatal 

dopamine might play a relevant role in APA programming at GI as involved in coding the 

movement-related energetic cost [408] and in learning and consolidating motor programs [409], 

[410]. Since PD is a predominantly dopamine deficiency syndrome [217], it embodies the ideal in-

vivo model to study the contribution of dopamine to GI. In fact, in PD, locomotion can be severely 

affected particularly at movement initiation, thus supporting the involvement of the 

dopaminergic system in GI execution. Start hesitation is a major cause of falls for patients with PD 

[2], [3], [11], [25], [258], [411]–[413], which in turn leads to fractures and hospitalization [195], 

[202], [310], [414], [415], fear of falling [8], [416]–[418], diminished quality [25], [197], [412] and 

quantity of life [195], [197], [201], [415], [419].  

 

Elucidating the contribution of striatal dopamine to GI is of great relevance to unveil and address 

the pathophysiological alterations underlying postural instability at GI in PD. In literature, several 

studies aimed at identifying the alterations of feedforward motor control at GI in PD [14]–[22] and 

the contribution of dopamine in the execution of the task [29]–[36]. However, results are 

controversial, and the role of striatal dopamine in feedforward motor control at GI still remains 

elusive [37]. The poor agreement in literature on the topic might be due to two confounding 

factors: 

 

• The BoS and AM. Despite both BoS and AM might directly influence the biomechanical 

resultants of GI [32], [112], [420] the confounding effect of these variables on the 

performance of the task has been neglected in all previous studies investigating GI in 

parkinsonian patients [14]–[16], [18], [21], [29], [31], [33]. Of note, standardizing the BoS 

is a suboptimal solution [17], [20], [22], [30], [35], as this approach may prevent the 

subjects to adopt their natural strategy and hide disease related alterations of the BoS, 

which might be present in patients with PD [65], [382], [390]–[393]. 

• The dopaminergic treatment. Most of the previous studies on the topic analysed the 

patients without suspending the dopaminergic treatment [14]–[18], [21], [29]. This 

experimental choice might lead to evaluate the drug effect rather than the disease-

related alterations of the motor pattern. Also, the effect of levodopa on motor symptoms 

might greatly vary across patients based on their clinical condition, possibly leading to 

uneven results. Last but not least, the acute effect of levodopa on APA might not reflect 

the only role of striatal dopamine, since the drug acts not only on the striatum but also 

on other brain areas such as the SMA [421], which is known to take part in the generation 

of APA at GI [20], [422], [423].  
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In this work, I aimed at identifying the alterations of feedforward motor control at GI in 

parkinsonian patients directly related to striatal dopaminergic loss. I analysed the biomechanical 

features of APA at GI in 26 unmedicated patients and in 27 healthy subjects. A subset of 13 patients 

underwent the evaluation also in Med-ON condition. I accounted for the influence of the BoS and 

the AM on GI measurements by applying the partial correlation technique as described in chapter 

6, excluding all GI measurements dependent on the BoS and correcting the ones dependent on 

the AM. To directly investigate the role of striatal dopamine on GI, in a subset of 22 patients the 

biomechanical measurements of APA different from the normative range and ameliorated by 

levodopa were correlated with the results of a SPECT with FP-CIT, which provided an estimation 

of putaminal DAT and therefore dopaminergic innervation loss in each patient.  

Thanks to these robust methods, I identified a reliable set of biomechanical features of APA 

altered in PD and directly related to striatal dopamine.  

 

7.1.2. Materials and Methods 

Subjects 

Twenty-six subjects with idiopathic PD and 27 age-matched healthy controls (HC) were enrolled 

for this study. PD was diagnosed in accordance with the United Kingdom Brain Bank Clinical 

Diagnostic criteria. Patients were evaluated with the UPDRS-III scale by an expert neurologist 

(Prof. I.U. Isaias).  

Table 4 shows the demographics and the clinical data of all subjects. I excluded subjects with 

vestibular problems, diabetes, cardiovascular pathologies or hypotension, neurological diseases 

other than PD, cognitive decline (Mini-Mental State Examination score lower than 27), 

orthopaedic issues or past major orthopaedic surgery. Among patients, I excluded those 

suffering from FoG, start hesitation or dyskinesia. 

Ethical approval 

The study was approved by the local ethical committee. All subjects gave written informed 

consent prior participation according to the Declaration of Helsinki. Of note, the neuroimaging 

evaluation was part of patients’ clinical workup and not performed exclusively for this study.  

 

Biomechanical experimental setup 

The recordings took place at the Gait Laboratory of the UKW of Würzburg. All patients performed 

the experiment in Med-OFF condition (i.e., after overnight suspension of all dopaminergic drugs, 

PD-off). A cohort of 13 patients (PD’’-off) additionally underwent the protocol in Med-ON 

condition (PD’’-on, i.e., after the intake of a standard dose of levodopa). All subjects performed 

at least three GI trials. Participants were instructed to stand quietly with their arms at their sides 

on the two dynamometric force plates, with one foot placed on each platform. BoS was self-

selected by each subject. After 30s, they were asked to start walking with their self-selected 

swing foot and at their preferred pace till the end of the walkway. Each subject performed also 

an anatomic calibration trial with eight additional markers, for the computation of the main AM 

(see paragraphs 6.3.3 and 6.4.1). 
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Biomechanical data analysis 

The CoP key features of APA at GI were analysed thanks to the dynamic measurements, and the 

movement, velocity and acceleration of the CoM was monitored by means of the optoelectronic 

system at APA reference points. First step length, average and maximum velocity were also 

computed. The main AM and BoS measurements were extracted for each group. For a complete 

list of all extracted biomechanical measurements, please refer to Table 3. A partial correlation 

analysis was performed between the outcome GI measurements and the BoS, correcting for the 

AM, and between the GI measurements and the AM, correcting for the influence of the BoS. GI 

measurements dependent from the BoS were excluded from further analyses. GI measurements 

dependent from the AM were instead decorrelated as described in paragraph 6.4.1. 

Molecular imaging 

A subset of 22 patients underwent a SPECT with FP-CIT during their clinical workup. These data 

served to evaluate the residual striatal dopaminergic innervation of both brain hemispheres for 

the correlations with the GI measurements. Details on the neuroimaging data elaboration can be 

found in paragraph 6.2.1 . In particular, I took into account the values relative to the putamen 

nuclei, as the main motor structure in the striatum [424]. I grouped the putaminal values basing 

on the swing foot, defining as putamen-SWING the nucleus contralateral to the swing foot, 

putamen-STANCE the ipsilateral one. 

Statistical analysis 

For each subject, GI measurements were averaged across all available trials executed with the 

same swing foot. Each participant performed at least three GI trials with the same swing foot. For 

those subjects who executed the GI trials alternating the left and right as swing foot, I considered 

only the trials executed with the swing foot most frequently used during the experiment and 

then calculated the average values. Matching between the recruited groups was verified 

comparing demographic, clinical, AM and BoS measurements (HC vs. PD-off and PD”-off vs PD”-

on, Wilcoxon test and Wilcoxon matched pairs test, respectively, p-value set at 0.05; gender 

distribution was compared across the two groups with the Pearson's chi-squared test, p-value set 

at 0.05). Partial correlation analysis was performed between the GI measurements and the AM 

and BoS parameters inside each group. Only partial correlation coefficient higher than 0.5 with a 

p-value lower than 0.01 were considered significant. GI measurements not dependent from the 

BoS measurements and decorrelated for the influence of the AM were then compared across 

groups. The GI measurements significantly different between healthy controls and patients (HC 

vs. PD-off, Wilcoxon test, p-value set at 0.05) were compared across drug conditions (PD”-off vs 

PD”-on, Wilcoxon matched pairs test, p-value set at 0.05). Only the ones ameliorated by levodopa 

intake were included in the correlation analysis with the neuroimaging findings. Data were 

correlated separately with the dopaminergic values of the putamen-SWING and putamen-

STANCE, namely the putamen ipsilateral and contralateral to the swing and stance foot, 

respectively (Spearman’s ρ correlation coefficient, p-value set at 0.05).  
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7.1.3. Results 

Subjects 

Groups did not differ for demographic, AM and BoS measurements. PD”-on derived significant 

benefit from levodopa intake, as shown by the significant change in the UPDRS-III score with 

respect to PD’’- off (see Table 4). 

 
Data HC PD-off PD’’-off PD’’-on 

DEM 
Gender (M/N) 17/27 (~63%/) 18/26 (~69%) 8/13 (~61%) 8/13 (~61%) 

Age (yrs) 61.22 (5.15) 61.03 (7.94) 61.62 (9.13) 61.62 (9.13) 

Clinical 

data 
Disease duration (yrs)  (-) 10.85 (5.06) 10.84 (4.51) 10.84 (4.51) 

Hoen & Yahr (I–V stage)  (-) 2.62 (0.50) 2.62 (0.51) 2.62 (0.51) 

UPDRS-III (0–108 score)  (-) 
28.87  

(9.74) 

26.36* 

(7.63) 

9.54*  

(4.78) 

LEDD (mg) (-) 
893.04 

(514.47) 

985.25 

(637.62) 

985.25 

(637.62) 

AM 
Body Height (BH, cm) 170.7 (9.8) 171.1 (10.8) 170.1 (11.5) 170.1 (11.5) 

Limb Length (LL, cm) 89.1 (4.8) 88.7 (6.9) 89.3 (8.4) 89.3 (8.4) 

Foot Length (FL, cm) 25.1 (1.6) 25.2 (1.6) 25.2 (1.9) 25.2 (1.9) 

Body Mass (BM, Kg) 75.25 (12.66) 75.57 (16.71) 69.93 (13.15) 69.93 (13.15) 

Body Mass Index (BMI, Kg/m2) 25.51 (3.56) 25.63 (4.31) 24.07 (3.40) 24.07 (3.40) 

Inter ASIS distance (IAD, cm) 28.2 (2.9) 27.1 (2.6) 26.3 (2.2) 26.3 (2.2) 

BoS 
BoS Area (BA, cm2) 

713.21 

(105.27) 

672.89 

(108.07) 

667.56 

(84.33) 

680.27 

(129.79) 

BoS Width (BoSW, cm) 18.14 (3.97) 16.46 (3.59) 16.72 (3.21) 17.68 (3.50) 

Foot Alignment (FA, cm) 0.68 (0.36) 0.79 (0.53) 0.89 (0.46) 0.94 (0.34) 

Difference between feet 

extra-rotation angles (βΔ, deg) 
6.94 (4.86) 5.34 (3.77) 5.89 (3.89) 5.41 (3.69) 

BoS opening angle (β, deg) 40.20 (14.58) 40.73 (11.45) 36.83 (11.67) 36.07 (13.90) 

 

Table 4: Demographic data, clinical data, Anthropometric Measurements (AM) and Base of Support (BoS) 
measurements of the recruited subjects. Data are shown as mean (standard deviation). *: p<0.05, Wilcoxon 
matched pairs test. 
Abbreviations: DEM: demographics; M: males; N: total number of subjects; UPDRS-III: Unified Parkinson’s 
Disease Rating Scale motor part; LEDD: levodopa equivalent daily dose.  
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BoS influence 

The partial correlation analysis revealed that IMB measurements were not influenced by the BoS, 

except for the velocity, acceleration, and position of the CoM at the end of the IMB. Conversely, 

most of UNL variables showed an interaction with the BoS, particularly along the ML direction. 

Since all GI measurements related to the BoS were excluded from further analyses, 

considerations on the UNL phase cann ot be considered definitive. Table 5 shows the list and 

values of the measurements independent from the BoS in all groups. For a complete description 

of the variables, please refer to Table 3. 

GI measurements HC PD-off PD”-off PD”-on 

IMB duration (s) 0.40 (0.09) 0.41 (0.13) 0.41 (0.09) 0.42 (0.09) 

IMB displacement (mm) 62.5 a (20.3) 45.8 a (22.3) 38.2 b (19.4) 49.5 b (19.5) 

IMB displacement ML (mm) 44.2 a (15.0) 32.0 a (16.3) 27.6 b (14.4) 34.4 b (15.8) 

IMB displacement AP (mm) 36.9 a (15.1) 27.5 a (16.1) 21.1 b (13.7) 31.8 b (13.4) 

IMB average velocity (mm/s) 175.3 a (75.5) 130.6 a (73.4) 103.5 b (58.5) 129.4 b (75.5) 

IMB average velocity ML (mm/s) 125.8 a (57.6) 91.5 a (53.1) 75.28 (44.2) 91.5 (56.0) 

IMB average velocity AP (mm/s) 103.6 (50.5) 78.2 (49.4) 57.0 (38.5) 82.4 (51.3) 

IMB maximal velocity (mm/s) 346.5 a (145.0) 260.3 a (156.7) 199.9 b (127.9) 266.6 b (135.1) 

IMB maximal velocity ML (mm/s) 265.3 a (111.9) 207.1 a (136.3) 163.7 b (117.1) 203.1 b (117.4) 

IMB maximal velocity AP (mm/s) 233.0 (107.3) 174.2 (100.3) 131.3 b (73.25) 179.6 b (91.1) 

CoP distance at swing heel off 

(%FL) 
30.48 (6.36) 32.21 (9.27) 35.11 (9.08) 37.51 (8.38) 

UNL duration (s) 0.37 (0.08) 0.39 (0.10) 0.41 (0.08) 0.36 (0.09) 

UNL displacement AP (mm) - 13.4 a (18.3) - 1.76 a (16.4) - 2.22 (19.95) 6.5 (22.1) 

UNL average velocity AP (mm/s) 64.3 a (35.7) 39.7 a (27.2) 44.8 (28.8) 54.7 (40.2) 

UNL maximal velocity AP (mm/s) 347.5 (146.5) 311.1 (136.3) 306.6 (133.8) 348.6 (152.3) 

CoM velocity at UNL end (m/s) 0.21 (0.06) 0.18 (0.05) 0.17 (0.06) 0.18 (0.07) 

CoM acceleration at UNL end 

(m/s2) 
1.37 (0.40) 1.40 (0.45) 1.35 b (0.48) 1.71 b, * (0.70) 

CoP-CoM distance at UNL end (m) 0.08 (0.03) 0.08 (0.02) 0.08 b (0.02) 0.09 b, * (0.02) 

CoP distance at swing toe off 

(%FL) 
36.05 (7.96) 33.04 (9.31) 36.25 (7.06) 34.89 (5.43) 

CoM velocity at swing toe off 

(m/s) 
0.86 a (0.13) 0.74 a (0.19) 0.67 b (0.19) 0.83 b (0.18) 

CoM acceleration at swing toe off 

(m/s2) 
1.83 a (0.51) 1.42 a (0.39) 1.40 b (0.42) 1.93 b (0.46) 

First step length (m) 0.60 a (0.21) 0.46 a (0.11) 0.43 b (0.11) 0.5 b 0 (0.12) 

First step average velocity (m/s) 0.99 a (0.22) 0.85 a (0.23) 0.80 b (0.21) 0.96 b (0.24) 

 
Table 5: List of GI measurements not dependent from the BoS in all groups. Data are shown as mean 
(standard deviation) before the decorrelation normalization process for sake of data intelligibility. ML 
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displacement was defined positive towards the swing foot and towards the stance foot for the IMB and 
UNL phase, respectively. For both IMB and UNL, the AP displacement was expressed as positive when 
oriented backwards. For a detailed description of all variables please refer to Table 3. a HC vs. PD-off, b PD”-
off vs. PD”-on, Wilcoxon test and Wilcoxon matched pairs test, respectively, p-value<0.05, * detrimental 
effect of levodopa on the GI variables. 
Abbreviations: AP: anterior-posterior; CoM: centre of mass; CoP: centre of pressure; FL: foot length; IMB: 

imbalance; ML: medio-lateral; UNL: unloading. 

 

Role of putaminal dopamine on GI 

I further investigated the correlations of putaminal DAT density with all measurements that 

differed between HC and PD-off and were significantly changed after levodopa intake. In 

particular, all IMB measurements except for the AP displacement (IMBD AP) correlated with the 

residual dopaminergic innervation level of both putamen nuclei, while the measurements of the 

stepping phase were mostly correlated with the values of the putamen contralateral to the swing 

foot (putamen-SWING, please refer to Table 6). 

GI measurements putamen-SWING putamen-STANCE 

IMB displacement 0.57 0.53 

IMB displacement ML 0.44 0.53 

IMB displacement AP 0.48  

IMB average velocity 0.44 0.46 

IMB maximal velocity 0.46 0.50 

IMB maximal velocity ML 0.44 0.50 

CoM velocity at swing toe off 0.47  

CoM acceleration at swing toe off 0.54 0.45 

First step length 0.46  

First step average velocity 0.42  

 

Table 6: Correlations between biomechanical and neuroimaging findings. In a subset of 22 PD patients, 
putaminal dopaminergic depletion was considered separately for the nucleus contralateral to the swing 
foot (putamen-SWING) and contralateral to the stance foot (putamen-STANCE) and correlated with GI 
variables different across groups. Correlations are shown as Spearman’s ρ correlation coefficients. Only 
significant results (p<0.05) are shown. 
Abbreviations: AP: anterior-posterior; CoM: centre of mass; GI: gait initiation; IMB: imbalance; ML: medio-

lateral.  

 

7.1.4. Discussion 
With this work, I aimed to better elucidate the alterations of APA at GI and the role of putaminal 

dopamine in patients with PD. I first outlined the main PD-related alterations of this motor task, 

investigated the effect of levodopa intake and correlated the performance variables with the 

putaminal dopaminergic innervation of each single patient. 

A preliminary, though fundamental part was to elucidate the impact of AM and BoS on kinematic 

APA resultants at GI. Indeed, despite it was shown that these two sets of variables can deeply 

impact GI biomechanical measurements [32], [112], [389], [420] their influence on the GI 

performance has been neglected in previous works [14]–[16], [18], [21], [29], [31], [33]. One of the 

most common approaches consisted in standardizing the BoS [17], [20], [22], [30] possibly 
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introducing a bias in the performance of the subjects. This methodological issue might be one of 

the main reasons for the different results present in literature on APA alterations at GI in PD 

patients. Only Rocchi and colleagues previously addressed this topic from a methodological point 

of view, investigating the GI of a group of parkinsonian patients adopting various BoS [32]. They 

provided useful evidence of a direct influence of the BoS measurements on the CoP variables 

during APA at GI. Nevertheless, they imposed on the patients a standardized BoS (feet parallel 

and 5 or 26 cm apart), thus possibly forcing them to an unnatural posture. In the present work, I 

assessed the correlation between BoS parameters and GI measurements allowing all the 

recruited subjects to adopt their own preferred BoS, thus without influencing their usual 

performance. Of note, while the impact of the AM on GI can be assumed to be equivalent in 

healthy and pathological subject, the BoS itself can change basing on the clinical condition [65], 

[382], [390]–[393]. The GI measurements affected by the BoS cannot therefore be decorrelated 

for BoS features as this procedure might imply a normalization for a disease-related variable. To 

ensure the robustness of the results, I excluded from the comparisons across groups all BoS-

dependent variables. In regard to the AM, some of the previous work on GI in PD normalized the 

outcome measurements by dividing them for subjects’ body height or foot length, without 

proving their relationship/correlation [18], [19]. Also, the division for the body height or a specific 

AM might lead to suboptimal results, as data might be affected by residual correlation [389]. To 

overcome this issue, I opted for a decorrelation normalization procedure, which allowed to 

remove any linear relation between AM and GI. This data transformation ensured a non-biased 

comparison across the recruited groups, without known confounding factors on the measured 

variables.  

Of relevance, this is one of the few studies assessing patients in both Med-OFF and Med-ON 

condition. This is of fundamental importance when aiming at evaluating the role of dopamine in 

a dopamine-deficiency syndrome such as PD. First, the effect of levodopa might be highly variable 

across patients basing on their clinical conditions (e.g., development of dyskinesias), drug 

absorption in the intestine, time of the exam during the day etc., and can therefore lead to not 

homogeneous results across patients. Second, the dopaminergic treatment might restore only 

partially the physiological motor pattern. The Med-OFF condition allowed to evaluate the effect 

of the disease rather than the action of the drug and to have a reliable motor baseline to assess 

the effect of the dopaminergic replacement treatment.  

CoP IMB measurements resulted to be a robust set of measurements for assessing GI 

performance in parkinsonian patients, as all of these variables were independent from the BoS. 

Except for the maximal first step velocity, the measurements of the stepping phase were also not 

dependent from the BoS measurements. Results showed instead that most of the UNL variables, 

particularly in the ML direction, were influenced by the BoS of the patient. All previous findings 

on this phase should be therefore carefully taken into considerations. Similarly, CoM 

measurements at the end of IMB phase were BoS-related and had to be excluded from further 

analyses. 

The PD-off group showed reduced CoP displacement, average and maximal velocity during the 

IMB phase with respect to HC. The stepping phase was also strongly altered, both in terms of 

velocity and acceleration of the CoM at the swing toe off and first step length and average 

velocity. The UNL measurements considered in the analyses were instead similar to HC, except 
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for the AP displacement and velocity. Of note, while in the HC group the UNL AP displacement is 

in the majority of the cases forwards (negative values), several patients of the PD-off group 

displaced their CoP backwards. This may possibly reflect a compensatory mechanism adopted by 

parkinsonian patients to increase the poor moment arm generated during the previous IMB 

phase to propel the CoM forward. At the end of the UNL phase the velocity and acceleration of 

the CoM in the PD-off group reached indeed values similar to the normative data. On one hand, 

levodopa intake possibly enhanced the action of this compensatory mechanism, leading to a 

value of UNLCoMA above the normal range and possibly to postural instability and falls, if the 

first step is not promptly executed. On the other hand, step execution had a great benefit from 

the intake of levodopa, as first step length and velocity and also velocity and acceleration of CoM 

at swing toe off reached values within the normal range.  

Alterations of the IMB phase in the unmedicated cohort of patients suggest an impaired 

feedforward motor control at GI in PD. The amelioration of IMB measurements in Med-ON 

condition and their correlation with putaminal dopamine strongly corroborates the hypothesis of 

a primary role of dopamine in feedforward motor control at GI in PD patients. Of note, both 

putamen nuclei resulted to be correlated with IMB measurements (see Table 6), thus suggesting 

a bilateral involvement in the pre-programming of the APA. Previously, several studies suggested 

a major role of the SMA in the sequencing and planning of the APA [20], [422]. In this context, it 

is important to notice that the putamen is a major target of the SMA [425] and the dopaminergic 

modulation of their connectivity is essential for coding motor programs [426], especially for their 

adaptation to environmental circumstances [44], [45], [427].  

I hypothesize that striatal dopamine would play a relevant role in the choice of the most 

appropriate set of muscular synergies (i.e., APA) among the many available (pre-programmed) 

motor patterns, aiming at minimizing the expenditure of energy during movement execution. 

Striatal dopamine also showed to contribute to the execution of the first step. The normalization 

of CoM velocity and acceleration at the swing toe off after levodopa intake may derive from the 

improvement of the IMB execution, which in turn can provide a proper forward momentum to 

the CoM. Levodopa intake also ameliorated first step length and average velocity, possibly 

because of a positive contribution on the PD-related muscular rigidity.  

 

7.1.5. Conclusions and study limitations 
In this work, I first elucidated the impact of AM and BoS on kinematic and dynamic APA resultants 

at GI. I then described for the first time correlations between GI biomechanical resultants and 

striatal DAT density in a group of parkinsonian patients as an in vivo model of striatal 

dopaminergic deficiency. Overall, my results suggest a relevant role of putaminal dopamine in the 

execution of the IMB phase and first step.  

Despite the relevance and novelty of these findings, this study suffers from some limitations. 

First, even if the number of healthy and pathological participants recruited for the GI assessment 

is in line with previous studies [14], [16], [17], [19], [20], [29], [30], [32], [33], the subset of patients 

assessed in Med-ON condition and underwent to the neuroimaging exam was limited. Results 

should be further confirmed on larger cohorts. Second, even if the major neurodegeneration in 

PD is related to the dopaminergic circuitry, other neurotransmitters and circuits are involved both 

in the pathological process and compensatory activity [190], [407], [428], [429]. Further 
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neuroimaging studies should unveil the role of these neural circuits (e.g., noradrenergic, 

glutamatergic.) in APA programming and execution at GI. 

7.1.6. Publications 
Palmisano, C, Brandt, G, Vissani, M, [...], Frigo, C A, Isaias, I U, Frontiers in Bioengineering and 

Biotechnology, 2020, 8:137 [38] 



95 
 

7.2. WP-2: Alterations of GI related to Freezing of Gait in PD 

 

Aim: to investigate the role of Freezing of Gait in APA programming 

 

7.2.1. Background 
FoG is a “brief, episodic absence or marked reduction of forward progression of the feet despite 

the intention to walk” [11], [25], [430]. It is a severe problem as it leads patients to falls, disability, 

decreased quality and quantity of life [11]. As pathophysiology of FoG is still poorly understood 

[23], [25], [259], [431], [432], its treatment is particularly challenging and still an unmet need. 

Despite the majority of FoG episodes are related to a hypodopaminergic state [258], [433] and 

generally responsive to levodopa at early stages of the disease [24], [191], [258], along disease 

progression they become more resistant to dopaminergic drugs [434] and also DBS [432] causing 

increase of dependency and numerous falls [11], [258], [432]. Also, there are cases of FoG related 

to the Med-ON state which challenge the therapeutic options available [25], [258], [435].  

When investigating alterations of feedforward motor control at GI in PD, patients suffering from 

FoG constitute a particularly interesting case study. Indeed, FoG abruptly appears in most of the 

cases while turning or at GI (i.e. start hesitation) [23]–[25].  

My research group was the first to directly record on-going FoG episodes and to demonstrate 

poor low-frequency cortical-STN connectivity in the most dopamine depleted brain hemisphere, 

in particular the SMA [45]. This cortical region is of major importance in controlling locomotion, 

especially in updating, sequencing, and switching between motor tasks, such as from standing to 

walking [45], [436], [437]. SMA was shown in particular to be involved in the generation of APA 

at GI [20], [422], [438] and in the forward propulsion of CoM during GI in patients with PSP (see 

WP-3, paragraph 7.3) [75]. Specifically, a poor engagement of the SMA during changes in the 

locomotor pattern or transitions (such as from standing to walking) might be at the basis of the 

difficulties at GI in PD patients with FoG [20].  

Nevertheless, the pathological mechanisms underlying start hesitation are still elusive [25] and 

require further investigations. Specifically, the hypothesis of FoG-related alterations of 

feedforward motor control at GI in PD patients is still questionable. Indeed, the majority of the 

studies on GI in patients with PD failed to prove specific and consistent FoG-related biomechanical 

alterations of APA [26]–[28]. Two studies reported reduced medio-lateral displacement of the 

CoP during the APA in PD patients suffering from FoG [3], [13]. Since the CoP displacement was 

larger during ongoing FoG episodes [3], this finding was interpreted more as a compensatory 

mechanisms rather than an actual effect of disrupted feedforward motor control. Also, the work 

of Jacobs and coll. related the typical knee trembling accompanying FoG episodes to multiple 

APA, thus suggesting a difficulty in the stepping rather than in the execution of feedforward 

motor programs [13]. In general, all studies agreed in identifying a significant impairment of 

stepping at GI in PD subjects suffering from FoG [3], [13], [26]–[28].  

Several confounding factors determined the poor agreement on this topic in the scientific 

literature. First, Huffmaster and coll. highlighted a different relationship between the initial 

stance condition, the APA, and the stepping performance in PD patients with and without FoG, 

despite no differences were found across the two groups in the initial feet position and APA 

measurements [28]. These results further support the influence of the BoS on GI execution [38], 
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[112], [420], aspect neglected in all other studies on GI in patients with PD and FoG [3], [13], [26], 

[27]. Second, in some of the previous works, light or sensory cues were used as start signals for 

the GI task [3], [13]. However, cueing helps patients overcoming FoG episodes and facilitate the 

initiation of walking [25], [76], [259], [372], [439], thus possibly masking specific FoG-related GI 

alterations. Last, the initial posture, and specifically the forward bending of the trunk, was proven 

to have a role in determining the subsequent GI performance in healthy controls [104], [107], 

[440]. This is of great importance in relation to FoG, as patient suffering from FoG usually show 

increased forward trunk flexion [382], [393], [441]–[445]. Outlining the influence of postural 

variables on the performance of GI in these patients might help in disentangling the actual 

alterations of feedforward motor control from changes related to an altered postural framework. 

With this aim, I developed a robust methodological approach to characterize GI alterations 

specific for PD patients suffering from FoG. I also investigated the integrity of the movement 

timing by studying the movement onset of the various body segments [16]. Movement timing is 

primarily related to cerebellar activity [246], [446], [447] and I wanted to provide additional data 

supporting a compensatory, rather than detrimental, role of the cerebellum for postural 

maintenance in parkinsonian patients, as anticipated by a recent publication of mine [164]. I 

additionally addressed the impact of the postural asset on the GI task, to verify if APA alterations 

were related to actual feedforward motor control impairment or to alterations of the postural 

framework. I estimated the main postural angles (i.e., trunk, thigh, and shank) during standing 

preceding APA execution and correlated them with the GI outcome measurements. To avoid any 

confounding effects of the initial feet position and AM, I applied partial correlation analyses 

between these two sets variables and the outcome measurements as described in paragraph 

6.4.1, similarly to WP-1 and WP-3. In addition, contrary to most published studies, I minimised the 

impact of dopaminergic drugs on the motor performance by studying all patients after 12h from 

withdrawal of all dopaminergic drugs (Med-OFF condition). To avoid the effect of cueing on the 

GI performance, I instructed the subjects to start walking at their preferred speed after a self-

selected time from a verbal signal [25], [76], [259], [372], [439]. Last but not least, all subjects 

were free to adopt their preferred motor strategy in terms of feet position and stepping leg. 

A better understanding of FoG-related biomechanical alterations at GI may offer an insight into 

the pathophysiological mechanism underlying this symptom, promoting the development of 

tailored and effective therapies.  

 

7.2.2. Materials and Methods 

Subjects 

Twenty-three subjects with idiopathic PD and FoG (PDF) and 20 PD patients without FoG (PDNF) 

were recruited for the study. PD was diagnosed according to the United Kingdom Brain Bank 

Clinical Diagnostic criteria for PD, and history of FoG was clinically assessed by a neurologist 

expert in movement disorders (Prof. I.U. Isaias). Disease severity was evaluated with the UPDRS-

III scale. Patients suffering from neurological disorders other than PD, cognitive decline as 

assessed by the Mini-Mental State Examination, vestibular problems, cardiovascular diseases, 

and orthopaedic pathologies affecting gait were excluded during the recruitment phase. We also 

excluded patients unable to perform at least three GI trials without help or assistance in Med-OFF 

condition. Data of 23 HC were selected from the HC cohort of WP-1 (see WP-1, paragraph 7.1) to 

match patients for demographic, AM and BoS features (Table 7). 
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Ethical approval 

The experimental protocol was approved by the local Ethical Committee and the study 

conformed to the declaration of Helsinki. All subjects signed an informed consent for 

participating in the study. 

 

Biomechanical experimental setup 

The recordings took place at the Gait Laboratory of the LAMB of Milano. Patients performed the 

task in Med-OFF condition (i.e., in the morning after overnight withdrawal of all dopaminergic 

drugs). Subjects were instructed to stand quietly and with the arms at their sides for about 30 

seconds on a dynamometric force plate and to start walking after a self-selected time interval 

from a verbal signal. Initial feet position and posture were self-selected by each subject. Stepping 

leg and walking speed were also not standardized. GI assessment was preceded by an anatomic 

calibration trial in which each subject was asked to stand on the force plate for about 5 seconds 

with eight additional markers to allow the calculation of the main AM (see paragraphs 6.3.1 and 

6.3.3).  

 

Biomechanical data analysis 

Similar to WP-1 (paragraph 7.1), I investigated key APA features by means of the signal recorded 

by the dynamometric force plate. Specifically, CoP pathway was analysed in terms of 

displacement, average and maximum velocity during the IMB and UNL phases. In addition, the 

position with respect to the CoP, the velocity and acceleration of the CoM were evaluated at APA 

reference points. First step length, average and maximal velocity were also calculated. 

  

The movement onset of segmental CoM (SCoM) was evaluated to account for eventual 

alterations of movement timing [16]. In particular, I modelled the body with 16 rigid bodies: head, 

chest, abdomen, pelvis, arms, forearms, hands, thighs, shanks and feet. For each body segment, 

I identified the movement latency of each SCoM as the time interval from the APA onset to the 

segmental movement onset, identified with a threshold criterion. Specifically, the movement 

onset of each SCoM was defined as the time instant at which the AP displacement of the analysed 

segment overcame a threshold equal to the AP position of the segment at the APA onset plus 

two times the standard deviation of its AP position during the standing window preceding the GI 

(i.e., from the beginning of the recording till half a second before the APA onset, Figure 33). The 

movement latencies of each SCoM were then expressed as a percentage of the total GI duration, 

i.e., from APA onset to the HOSW. 

Additionally, I evaluated and related to the subsequent GI performance the postural asset 

preceding APA. Specifically, I calculated the main postural angles (i.e., trunk, thigh and shank) in 

the sagittal plane in a one-second time window before the APA onset, similarly to Crenna and coll. 

[19]. The trunk angle was defined as the angle between the line connecting the marker on the 

middle point between the posterior-superior iliac spines and on the 7th cervical vertebra and the 

vertical axis of the laboratory. The thigh angle was computed as the angle described by the line 

connecting hip and knee centres of rotation and the vertical axis of the laboratory. Similarly, the 

shank angle was identified as the inclination in the sagittal plane of the vector passing through 

the ankle and knee centres of rotation. Of note, a positive trunk angle indicated forward bending, 
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while a positive thigh angle corresponded to a more anterior position of the hip centre with 

respect to the knee centre of rotation. Likewise, the shank angle was positive when the knee was 

more anterior with respect to the ankle centre of rotation (Figure 34). 

 

As for WP 1 and 3, the main AM and BoS measurements were computed for each subject. For a 

complete list of all GI, AM, and BoS parameters, please refer to Table 3. These variables served 

for a partial correlation analysis between the GI measurements of interest and the BoS, correcting 

for the influence of the AM, and between the GI measurements and the AM, correcting for the 

BoS. The same analysis was applied to the postural angles (i.e., correlation between the postural 

angles and the BoS, correcting for the influence of the AM, and between the postural angles and 

the AM, correcting for the BoS). To ensure the reliability of the results, GI measurements and 

postural angles, which showed any dependency from the BoS, were excluded from the 

subsequent analyses. I instead applied the decorrelation normalization procedure on the GI 

measurements and postural angles dependent from the AM, as described in paragraph 6.4.1. 

Figure 33: Exemplary identification of the movement onsets of the SCoM. For each segment, movement 
onset was defined as the instant when the segment overcame a threshold based on the standing window 
preceding GI. Movement onsets are displayed as black dots in the figure. Latencies of SCoM movement 
onsets from the AO (time zero in the figure, red dashed line) were normalized for the total GI duration (i.e., 
from the AO to the toe off of the swing foot, corresponding to the end of the UNL phase).  
Abbreviations: AO: APA onset; GI: gait initiation; IMB: imbalance; LX: left; RX: right; UNL: unloading; SCoM: 
segmental Centre of Mass. 



99 
 

  

Figure 34: Postural angles during GI. The angles describing the postural attitude of the subjects were 
evaluated in the sagittal plane in a one-second window preceding the AO. A) Schematic representation of 
the postural angles. The trunk angle (in red) was defined as the inclination of the vector connecting the 
markers placed on the 7th cervical vertebra (C7) and the middle point between the posterior-superior iliac 
spines (PSIS).  The thigh angle (in blue) corresponded to the angle between the line connecting the hip and 
knee joint centres and the vertical axis of the laboratory. Similarly, the shank angle (in green) was the 
inclination of the vector from the ankle to the knee joint centre. B) Movement along time in the sagittal 
plane of the points defining the postural angles during a GI trial on healthy subjects (C7 (red), PSIS (orange), 
the hip joint centre (blue), the knee joint centre (light blue), the ankle joint centre (green)). Black lines show 
the segments connecting these points over time. C) Same as B) but for a PD patient suffering from FoG 
(PDF). Initial posture is characterized by increased trunk and knee flexion. First step length is much shorter 
than in HC.  
Abbreviations: AO: APA onset; AP: anterior-posterior; GI: gait initiation. 
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Statistical analysis 

To avoid any confounding effect related to the adopted swing foot, GI measurements were 

averaged across trials (at least three for each subject) performed with the same swing foot. If 

both left and right feet were alternatively used by the subject, I considered only the trials 

executed with the swing foot most frequently used during the experimental session. I verified 

the matching across groups (HC, PDNF, PDF) for demographic, clinic, BoS and AM parameters 

with a Wilcoxon test (p-value=0.05). Gender distribution was compared with the Pearson's chi-

squared test. Partial correlation analysis was applied separately inside each group (significant 

threshold set at Spearman’s ρ=0.5 and p-value=0.01). GI measurements not influenced by the BoS 

and decorrelated for the AM, as well as the movement onset of the SCoM, were compared 

between the groups (Dunn’s test, p-value set at 0.05 and adjusted with Bonferroni correction for 

multiple comparisons). In regard to the postural asset, the partial correlation analysis was applied 

separately inside each group (significant threshold set at Spearman’s ρ=0.5 and p-value=0.01) and 

the postural angles not dependent from the BoS and decorrelated for the AM compared across 

groups (Dunn’s test, p-value set at 0.05 and adjusted with Bonferroni correction for multiple 

comparisons). To account for the influence of the postural asset on the GI outcome 

measurements, I performed a partial correlation analysis between postural angles and GI 

measurements removing the influence of the group variable. A standing variable was considered 

significantly correlated to a GI measurement if Spearman’s correlation coefficient ρ was higher 

than 0.5 and the p-value inferior to the threshold 0.05, adjusted with Bonferroni correction for 

multiple comparisons. 

 

7.2.3. Results 

Subjects 

The groups involved in the study resulted to be matched for demographic, clinical, AM and BoS 

measurements (Table 7). 
 

BoS influence 

Results of the partial correlation analyses were in line with WP-1 (paragraph 7.1) [38]. Specifically, 

IMB and stepping phases were mildly affected by the chosen BoS, while several UNL 

measurements were dependent from the BoS.  

Table 8 lists the GI measurements not affected by the BoS. The postural angles were not 

influenced by the BoS nor the AM in the analysed groups. For a complete description of all 

variables, please refer to Table 3. 

 

Disease effect on GI 

Both PDNF and PDF showed significant impairment in GI execution, with measurements more 

severely affected in the PDF group. CoP displacement, average and maximal velocity recorded 

during the IMB phase progressively reduced from HC to PDNF and PDF both in ML and AP 

directions. However, no statistically significant differences were found across the two 

pathological groups for IMB measurements. With regards to the UNL phase, it was mostly 

preserved in both patient groups, except for the AP displacement, which was in most of the cases 

forwards in the HC group and backwards in the PDF group, while PD patients showed 

intermediate values. The velocity of the CoM was reduced at the end of both the IMB and UNL 

phases in the PDF group only. Stepping ability was impaired in both PD groups, as shown by the 
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reduced value of step velocity. As a result, at the toe off of the stance foot the velocity of the 

CoM was decreased in both pathological groups with respect to HC. Of relevance, step length 

was reduced in both PD groups but significantly in the PDF cohort only.  

Table 8 shows the analysed variables and the results of the statistical comparison across the three 

groups. 

 
Data HC PDNF PDF 

DEM 
Gender (M/N) 14/23 (~61%) 10/20 (50%) 14/23 (~61%) 

Age (yrs) 61.17 (4.93) 63.32 (10.76) 63.83 (8.34) 

Clinical 

data 
Disease duration (yrs)  (-) 9.26 (3.89) 11.14 (3.47) 

Hoen & Yahr (I–V stage)  (-) 2.24 (0.42) 2.39 (0.50) 

UPDRS-III (0–108 score)  (-) 24.81 (9.43) 28.05 (9.96) 

LEDD (mg) (-) 741.18 (221.26) 803.70 (358.33) 

AM 
Body Height (BH, cm) 169.94 (10.53) 167.79 (11.05) 168.09 (11.44) 

Limb Length (LL, cm) 88.81 (5.37) 88.23 (7.81) 87.21 (5.84) 

Foot Length (FL, cm) 24.93 (1.66) 25.17 (1.58) 24.59 (1.65) 

Body Mass (BM, Kg) 72.28 (11.11) 66.36 (13.01) 72.02 (14.83) 

Body Mass Index (BMI, Kg/m2) 24.59 (3.02) 23.00 (3.99) 24.89 (5.18) 

Inter ASIS distance (IAD, cm) 27.76 (2.35) 27.89 (2.53) 27.42 (3.40) 

BoS 
BoS Area (BA, cm2) 685.24 (91.56) 668.18 (75.19) 651.85 (114.90) 

BoS Width (BoSW, cm) 17.64 (4.10) 16.26 (2.78) 15.67 (2.59) 

Foot Alignment (FA, cm) 6.57 (3.36) 8.37 (4.54) 6.92 (3.76) 

Difference between feet 

extra-rotation angles (βΔ, deg) 
6.66 (3.29) 4.67 (2.58) 7.75 (4.98) 

BoS opening angle (β, deg) 40.67 (15.76) 37.25 (14.05) 43.56 (13.92) 

 

Table 7: Demographic data, clinical data, AM and BoS measurements of the recruited subjects. Data are 
shown as mean (standard deviation). No statistically significant differences were found across groups 
(Wilcoxon each pair test, p-value<0.05). 
Abbreviations: AM: anthropometric measurements; BoS: Base of Support; DEM: demographics; M: males; 
N: total number of subjects; UPDRS-III: Unified Parkinson’s Disease Rating Scale motor part; LEDD: 
levodopa equivalent daily dose. 
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GI measurements HC PDNF PDF 

IMB duration (s) 0.39 (0.08) 0.38 (0.08) 0.33 (0.09) 

IMB displacement (mm) 61.23b (20.32) 35.54 (19.71) 23.67b (9.94) 

IMB displacement ML (mm) 42.07a, b (13.04) 24.04a (13.61) 17.76b (8.59) 

IMB displacement AP (mm) 36.53b (16.17) 18.79 (14.75) 9.16b (5.93) 

IMB average velocity (mm/s) 163.40a, b (62.29) 90.79a (47.29) 84.03b (46.81) 

IMB average velocity ML (mm/s) 110.94a (34.90) 62.14a (34.80) 67.53 (41.47) 

IMB average velocity AP (mm/s) 103.36a, b (53.78) 47.74a (34.39) 40.19b (30.45) 

IMB maximal velocity (mm/s) 344.22a, b (149.41) 189.88a (113.54) 150.41b (64.26) 

IMB maximal velocity ML (mm/s) 238.29a, b (77.82) 137.25a (72.76) 124.97b (56.96) 

IMB maximal velocity AP (mm/s) 225.81b (110.67) 124.78 (65.52) 101.41b (55.74) 

COM velocity at IMB end (m/s) 0.09b (0.03) 0.06 (0.03) 0.04b (0.02) 

CoP-CoM distance at IMB end (m) 0.07b (0.02) 0.04 (0.02) 0.03b (0.01) 

UNL duration (s) 0.36 (0.08) 0.40 (0.08) 0.45 (0.19) 

UNL displacement AP (mm) -9.67b (15.30) -6.25c (18.22) 14.69b, c (14.70) 

UNL average velocity (mm/s) 465.61 (162.21) 323.94 (131.02) 320.34 (150.20) 

UNL average velocity ML (mm/s) 422.79 (148.96) 289.26 (121.24) 290.67 (140.81) 

UNL average velocity AP (mm/s) 53.11 (20.97) 37.29 (17.16) 46.04 (34.21) 

UNL maximal velocity AP (mm/s) 344.48 (154.35) 388.76 (169.88) 359.19 (178.76) 

CoM velocity at UNL end (m/s) 0.21b (0.06) 0.16 (0.07) 0.11b (0.04) 

CoM acceleration at UNL end (m/s2) 1.29 (0.33) 1.08 (0.41) 1.12 (0.25) 

CoP-CoM distance at UNL end (m) 0.08 (0.03) 0.07 (0.03) 0.07 (0.02) 

CoM velocity at swing toe off (m/s) 0.86a, b (0.13) 0.63a (0.24) 0.53b (0.18) 

CoM acceleration at swing toe off (m/s2) 1.73b (0.38) 1.28 (0.42) 1.08b (0.33) 

CoP-CoM distance at swing toe off (m) 0.48 (0.32) 0.51 (0.29) 0.34 (0.28) 

First step length (m) 0.56b (0.07) 0.43 (0.14) 0.33b (0.13) 

First step average velocity (m/s) 0.98a, b (0.14) 0.68a (0.27) 0.57b (0.27) 

First step maximal velocity (m/s) 3.21 (0.52) 2.81 (0.72) 2.64 (0.80) 

 
Table 8: List of GI measurements not dependent from the BoS in all groups. Data are shown as mean 

(standard deviation) before the decorrelation normalization process for sake of data intelligibility. ML 

displacement was defined positive towards the swing foot and towards the stance foot for the IMB and 

UNL phase, respectively. For both IMB and UNL, the AP displacement was expressed as positive when 

oriented backwards. For a detailed description of all variables please refer to Table 3. a HC vs. PDNF, b HC 

vs. PDF, c PDNF vs. PDF, Dunn’s test, p-value<0.05 adjusted with Bonferroni correction for multiple 

comparisons. 
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Movement pattern during GI 

Movement onset of the body segments analysed showed overall the same pattern in the three 

cohorts. The variability of segmental movement onset was quite significant in all the three 

groups, and particularly in the pathological ones, as shown by the high standard deviation values 

(Table 9). 

 HC PDNF PDF 

Pelvis (%) 60.62 (9.27) 62.47 (13.74) 62.66 (21.69) 

Thigh ST (%) 65.76 (10.75) 71.72 (20.13) 63.39 (19.97) 

Shank ST (%) 71.17 (14.36) 68.57 (19.98) 65.73 (21.95) 

Foot ST (%) 68.37 (10.46) 77.24 (22.53) 65.02 (22.87) 

Thigh SW (%) 62.67 (9.23) 64.75 (15.47) 55.85 (18.80) 

Shank SW (%) 74.21 (13.85) 75.35 (24.26) 67.26 (19.36) 

Foot SW (%) 69.15 (15.41) 64.63 (16.55) 59.20 (19.86) 

Chest (%) 73.48 (14.29) 74.47 (26.12) 69.22 (19.85) 

Abdomen (%) 79.50 (13.87) 81.57 (25.30) 57.88 (20.58) 

Arm ST (%) 55.49 (18.27) 65.80 (26.63) 54.17 (19.98) 

Arm SW (%) 62.71 (9.34) 65.08 (13.49) 56.57 (17.72) 

Forearm ST (%) 38.98 (12.65) 53.73 (24.00) 39.40 (12.69) 

Forearm SW (%) 51.34 (11.80) 62.57 (13.59) 47.26 (13.34) 

Hand ST (%) 44.37 (19.82) 49.64 (21.32) 41.99 (30.95) 

Hand SW (%) 34.36 (13.06) 46.93 (19.96) 47.71 (16.69) 

Head (%) 54.33 (11.81) 58.15 (14.06) 60.06 (18.41) 

 
Table 9: Movement onset of each SCoM from the AO expressed as percentage of the total GI duration. No 
significant differences across groups were found (Dunn’s test, p-value<0.05 adjusted with Bonferroni 
correction for multiple comparisons). 
Abbreviations: AO: APA onset; GI: gait initiation; SCoM: segmental centre of mass. 
 

Postural asset and GI 

Postural angles were not influence by both the AM and the BoS in the three cohorts. The analysis 

of the postural asset revealed significant alterations in both the pathological groups (Table 10). 

In particular, all PD patients showed increased trunk forward flexion and thigh angle with respect 

to HC. These alterations were more pronounced in the PDF group, even if there was no statistical 

difference between the two pathological cohorts. The postural asset did not show to have a 

significant impact on the GI outcome variables (Table 11). As expected, the shank angle was 

correlated to some IMB measurements, even if not significantly after correction for multiple 

comparisons. 
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 HC PDNF PDF 

Trunk angle (°) 4.08 a, b (2.43) 9.06 a (4.37) 12.58 b (5.65) 

Thigh angle (°) 6.31 a, b (2.69) 0.54 a (3.70) -0.48 b (4.00) 

Shank angle (°) 9.22 (2.93) 10.67 (2.77) 10.95 (2.47) 

 

Table 10: Postural angles in the three recruited groups. Please refer to Figure 34 for a description of the 
analysed angles. a HC vs. PDNF, b HC vs. PDF, c PDNF vs. PDF, Dunn’s test, p-value<0.05 adjusted with 
Bonferroni correction for multiple comparisons. 

 

 

Table 11: Only significant correlations between postural angles and GI measurements are shown (partial 
correlation analysis, Spearman’s ρ, p-value<0.05). No prediction was significant after Bonferroni correction 
for multiple comparisons. Please refer to Table 3 for a detailed description of all GI variables. 

 

7.2.4. Discussion 
In this work I aimed at characterizing alterations of GI preparation and execution in PD patients 

suffering from FoG. Both GI planning and performance were affected in patients with PD and 

FoG, as shown by the reduction of several measurements of the IMB, UNL, and stepping phase in 

the PDF group with respect to healthy controls. Specifically, the IMB and stepping measurements 

were progressively reduced from HC to PDNF and PDF, while the CoP displacement in the AP 

direction during the UNL phase was significantly altered in the PDF group only. Of relevance, the 

movement sequencing was preserved in both PDNF and PDF, thus confirming that the motor 

timing underlying GI is maintained in PD [16] regardless of the presence of FoG. Still, I found a 

relevant variability of segmental movement onset, especially in patients. This finding may be 

related to difficulties in putting into action the pre-programmed sequencing of GI. Further 

investigations on larger cohorts are warranted to better elucidate this aspect.  

Of note, previous scientific works on the topic showed modest agreement in identifying 

alterations of GI specific for FoG, possibly because of the variable influence of several 

confounding factors. In this work, I developed a robust methodological approach designed to 

minimize and control this bias. First, I recruited groups of patients well-matched for both UPDRS-

III and Hoen & Yahr (Table 7). In assessing the motor performance, I avoided “reaction-time” start 

signals, as they might alter per se the GI performance of patients with FoG [25], [64], [259], [372], 

[439]. Additionally, considering the variable effect of medication on FoG [25], [258], [435] and GI 

in patients with PD [38], all patients were examined after at least 12h from the last dose of 

dopaminergic drugs. Initial feet position was also shown to impact on the execution of GI [112], 

[420] specifically in PD patients suffering from FoG, despite the absence of FoG-related 

alterations of the BoS [28]. Therefore, the recruited groups were not only matched for the BoS 

and AM, but for the first time the influence of these two sets of variables was assessed and 

removed.  

 HC Spearman’s ρ p-val 

Shank angle (°) 

IMB average velocity (mm/s) 0.32 0.014 

IMB average velocity AP (mm/s) 0.31 0.016 

IMB maximal velocity AP (mm/s) 0.38 0.003 
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Alterations of the IMB measurements in both the PDNF and PDF groups suggest a PD-related 

impairment of feedforward motor control [38] at GI [10], [66], [69], [81], [85]–[90]. IMB phase 

during APA is modulated by top-down feedforward control in the context of the cortico-basal 

ganglia-thalamo-cortical network, with an important contribution of the SMA and the striatum 

[10], [20], [172], [419], [448]. Striatal dopamine deficiency might be at the basis of APA alterations 

in patients with PD [75]. Considering the prominent role of the SMA in the generation of the APA 

[20], [422], [436], [438], [449] and its impairment in patients with a positive history of FoG [45], I 

speculate that IMB measurements in PDF might be particularly affected because of a deficient or 

altered activity of this cortical area.  

Consequently, PD patients may rely on bottom-up somatosensory signals to the cerebellum and 

the parietal cortex [246] as a compensatory mechanism to sustain poor feedforward motor 

control (premotor-cerebellar-parietal integration [246], [423], [450]–[454].  

Conversely to IMB, the UNL indeed relies on proprioceptive feedback [455] and alterations of the 

CoP displacement in the AP direction during the UNL phase would additionally some difficulties 

of PD with FoG in the integration of somatosensory information, needed for the last adjustments 

prior to the step.  

The activity of the cerebellum might have a regulatory role on the movement by modulating its 

rhythmic timing [246], [446], [447]. The correct temporal timing of the movement [16] would 

additionally suggest though a still preserved and compensating activity of the cerebellum in both 

PDNF and PDF. Such activity might have prevented the occurrence of FoG episodes during my 

recordings. Further neuroimaging studies (e.g., PET studies) are warranted to confirm these 

hypotheses. 

Last but not least, in this work I explored the differences in the postural asset preceding GI 

between healthy controls and patients, and their influence on the subsequent motor 

performance. Both PD groups showed increased trunk and thigh flexion compared to HC. 

Stooped posture is a well-known feature of PD [456] and related to increased axial rigidity [457]. 

As expected [382], [393], [441]–[445], trunk was more flexed in the PDF group, despite the 

difference with the PDNF did not reach statistical significance. Thigh angle was instead decreased 

in both patient groups with respect to the normative data. As the trunk angle, the thigh angle 

was more compromised - even if not significantly - in the PDF group, which showed a negative 

average value. This result indicates that the hip centre of rotation in PDF patients was -in most of 

the cases- behind the knee centre of rotation, thus suggesting excessive hip/knee flexion [458]. 

It is important to notice that postural angles are all part of a unique kinematic chain, thus 

influencing each other for effective maintenance of postural control [459], [460]. In this context, 

increased thigh flexion might help counteracting the excessive bending of the trunk, as 

suggested by Aminiaghdam and coll. [461]. Indeed, increased trunk flexion would move forward 

the position of CoM, thus favouring forward propulsion, but also limiting the margin of stability 

and balance maintenance [462].  

The representation of the body position can be affected by postural changes, thus inducing a re-

scale of the APA properly adapted to the altered postural framework [10], [104], [108], [440], 

[460]. Surprisingly, in the studied cohort the postural asset did not show a relevant impact on the 

subsequent GI execution, possibly as postural angles may significantly influence the GI outcome 

variables only when greatly altered with respect to the physiological range [104], [107], [440]. Of 
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relevance, some IMB measurements were related to the shank angle (even if not significantly 

after correction for multiple comparisons). This result is in accordance with the inverted 

pendulum model, which points toward the “ankle strategy” as the main mechanism for 

regulating the position of the CoP during upright posture and postural transitions [4], [37], [61], 

[63], [81], [96], [125], [126], [463], [464]. Further evidence supporting the fundamental role of the 

muscles acting on the ankle joint at GI was shown by Delafontaine and coll., who induced a 

reduction of CoP displacement during APA in HC by reducing the range of motion of the ankles 

by means of a rigid orthosis [119]. In this framework, my results showed that even if stooped 

posture is an important destabilizing factor for PD patients, especially when positive history of 

FoG is present, it could not account for GI alterations. 

 

7.2.5. Conclusions and study limitations 
In this work, I studied the alterations of GI, posture, and their interplay in PD with and without a 

positive history of FoG. Of relevance, the influence of AM and BoS parameters on the 

biomechanical measurements was for the first time assessed and removed. Findings suggest that 

feedforward motor control is impaired in PD, especially if history of FoG is present. In addition, 

PDF patients show particularly altered feedback processing during the UNL phase causing poor 

weight transfer. The postural asset in PD is characterized by increased trunk flexion and 

decreased thigh flexion. However, postural abnormalities of PD are not directly related to 

impaired APA at GI. 

Despite the relevance and novelty of these findings, this study suffers from some limitations. 

First, even if the number of healthy and pathological participants recruited for the GI assessment 

is in line with previous studies [14], [16], [17], [19], [20], [29], [30], [32], [33], results should be 

further confirmed on larger cohorts. Secondly, additional neuroimaging [134] and 

electrophysiological [465] studies should be performed to investigate the brain network 

derangements at the basis of the biomechanical alterations observed.  

 

7.2.6. Publications 
Palmisano, C, Beccaria, L, Haufe, S, Pezzoli, G, Isaias, I U, under review at Frontiers in 

Bioengineering and Biotechnology [362] 
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7.3. WP-3: GI in a model of risk of falling: Progressive Supranuclear Palsy 

 

Aim: to define brain areas related to altered motor control at GI in patients with PSP 

 

7.3.1. Background 
PSP is a progressive atypical parkinsonism mainly characterized by early postural instability and 

falls [298], [310], [315]. For its peculiar clinical spectrum, this neurological disorder constitutes an 

in-vivo model of impaired postural control. Despite postural instability is the hallmark of PSP, our 

understanding of the brain alterations underlying this symptom is still surprisingly limited [315]. 

Investigating the anatomical correlates to impaired postural control in these patients might help 

not only to develop specific therapies, but also in unveiling the brain networks specifically 

responsible for balance maintenance. 

Studies of postural control in patients with PSP are scarce [309], [349], [466], [467] and, besides 

this study of mine [75], only two investigated GI [308], [468]. Only Zwergal and coll. [349] and 

myself attempted imaging-kinematic correlations to deepen our understanding of the 

pathophysiological mechanisms behind PSP falls. 

In general, patients with PSP show at GI poor braking capacity of the CoM during the stepping 

phase [468] and reduced moment CoP-CoM arm produced at the end of the IMB phase [308]. 

Despite the interest of these results, these studies suffered from major limitations. First, patients 

were examined without suspending [468] or standardizing [308] the intake of dopaminergic 

drugs. Second, the influence of AM and BoS on GI measurements was neglected. Additionally, 

these two studies failed to provide possible neural correlates to APA and GI alterations.  

With regards to postural control, Ondo and coll. showed a very narrow coding of stability in 

patients with PSP as a result of marked alterations of CoP sway after concurrent alteration of 

visual and proprioceptive input. In this study, PSP patients also showed inadequate and 

incomplete muscular response (i.e., tibialis anterior and short- and medium-gastrocnemius) 

responsible for a delayed compensation of postural sways [466]. These results were further 

confirmed by Kammermeier and coll. who reported reduced resources and stability limits in PSP 

patients who actively keep the body segments close to vertical alignment. In this study, PSP 

patients maintained their upright stance with low velocities and frequencies, especially when 

deprived of visual flow. They also overreacted to small support surface perturbations with their 

whole body, which the authors comment as evocative of high centrally coding of tilt-related 

information scaling [309]. Posturography alone is however not able to precisely localise 

neuroanatomy of the central nervous system. A first attempt to relate the motor resultants of 

poor postural control in PSP with the underlying network pathophysiology was conducted by 

Zwergal and colleagues [349]. These authors correlated brain metabolic findings obtained with 

FDG PET with posturographic measurements, highlighting significant hypometabolism of the 

frontal and cingulate cortex, thalamus, caudate nucleus, and midbrain possibly responsible for 

altered postural control in PSP patients. Specifically, the thalamus and the caudate nucleus 

showed to have a prominent role in balance maintenance especially with somatosensory 

modulation. 

In this work, I wanted to further explore the pathophysiology of postural control in PSP during 

GI, a motor task highly challenging for postural maintenance. By correlating the biomechanical 
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resultants of GI with brain metabolic alterations in patients with severe balance disorders, I aimed 

at capturing the brain areas chiefly involved in motor control at GI. For this study, I took 

advantage of previous results on the impact of AM and BoS, as described in paragraph 6.4.1. This 

is of great value, as PSP patients are expected to adopt enlarged BoS to prevent fall events.  

 

7.3.2. Materials and Methods 

Subjects 

Twenty-six patients with PSP were recruited for the biomechanical assessment. Fourteen healthy 

controls matching patients for demographic and anthropometric data were selected from the 

healthy cohort of WP-1 for comparison. A second group of 12 age-matched HC, previously 

assessed with the same methods, was employed to define normative data for the brain metabolic 

assessment. We excluded subjects with vestibular problems, diabetes, cardiovascular 

pathologies or hypotension, neurological diseases other than PSP, orthopaedic issues or past 

major orthopaedic surgery. All patients were diagnosed according to the the Movement Disorder 

Society criteria [365] and classified as Richardson’s syndrome because of the predominant early 

postural instability and oculomotor disfunctions [366]. Patients were evaluated with the PSPRS, 

composed by six areas: History, Mentation, Bulbar, Ocular motor, Limb motor, Gait and midline 

[317], [318]. The clinical assessment was performed in the morning after overnight suspension of 

all dopaminergic drugs. 

 

Ethical approval 

The study was approved by the local ethical committee. All subjects gave written informed 

consent prior participation according to the Declaration of Helsinki. Of note, the neuroimaging 

evaluation was part of patients’ clinical workup and not performed exclusively for this study.  

 

Biomechanical experimental setup 

The recordings took place at the Gait Laboratory LAMB of the UNIMI of Milano. All patients 

performed the experiment in Med-OFF condition (i.e., after overnight suspension of all 

dopaminergic drugs). All subjects performed at least three GI trials (range: 3-7). Patients were 

allowed to rest between trials. The experimental protocol was designed similarly to the one of 

WP-1. Participants were instructed to stand quietly with their arms at their sides on the 

dynamometric force plate. Each subject self-selected the initial position of the feet. After 30s of 

quiet standing, they were asked to start walking at their preferred pace and with their self-

selected swing foot, till the end of the walkway. Each subject performed also an anatomic 

calibration trial with eight additional markers, for the computation of the main AM (see 

paragraphs 6.3.1 and 6.3.3). 

 

Biomechanical data analysis 

Table 3 lists and describes all the calculated measurements. Briefly, I analysed the CoP 

displacement and velocity during the APA phases. Additionally, the movement, velocity and 

acceleration of the CoM were calculated at APA reference points. First step length, average and 

maximum velocity were also evaluated. The main AM and BoS measurements were computed for 

each subject. As previously described, I performed a partial correlation analysis between the GI 

variables and the BoS parameters, correcting for the AM, and between the GI measurements and 
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the AM, correcting for the influence of the BoS. To exclude any possible bias induced by the self-

selected BoS, GI measurements dependent from any BoS parameter were excluded from further 

analyses. For GI measurements dependent from the AM, I applied the decorrelation normalization 

as described in paragraph 6.4.1. 

 

Molecular imaging 

A subset of 11 patients underwent PET with FDG within three months of the GI evaluation. These 

data served to investigate the brain metabolic alterations characterizing PSP. Details on 

neuroimaging data elaboration can be found in paragraph 6.2.2. FDG PET findings of an age-

matched healthy group previously examined with the same methods were used as normative 

data.  

 

Statistical analysis 

The steps of the statistical analysis are similar to the ones adopted for WP-1 (see WP-1, paragraph 

7.1). GI variables were averaged across the trials executed with the same swing foot. For the 

subjects who performed the task alternating the stepping foot, I included in the analysis only the 

trials executed with the swing foot most frequently used during the experiment. Outlier values 

were identified and removed by calculating the Mahalanobis distance. To verify the correct 

matching between the recruited cohorts, the demographic, clinical, AM and BoS measurements 

were compared with Student’s t test or Wilcoxon test, p-value set at 0.05, basing on the data 

distribution of each variable (normality was tested with the Shapiro-Wilk test). Gender 

distribution was tested with Pearson's chi-squared test. For each group, I performed a partial 

correlation analysis between the GI measurements, AM and BoS parameters. The procedure is 

described in detail in the paragraph 6.4.1. Only partial correlation coefficients higher than 0.5 and 

with a p-value below 0.01 were considered significant. GI measurements not dependent from the 

BoS and decorrelated for the influence of the AM were compared across groups. I included in the 

subsequent correlation analysis with the clinical data and metabolic findings only the GI 

measurements significantly different between healthy controls and patients (Student’s or 

Wilcoxon test as appropriate, threshold for significance adjusted with Bonferroni correction for 

multiple comparisons). Alterations of brain metabolic patterns in the PSP group were detected 

with a paired t test applied to voxel-wise comparison with respect to control subjects (analysis 

conducted with SPM, significance set at clusters with k ≥200 voxels, p-value <0.05 FWE. Results 

were validated by means of a post hoc VOI analysis. The FDG uptake values of each VOI was 

computed and divided by the uptake of the whole cortex to reduce inter-subject variability. 

Clinical scores of the PSPRS scale and the uptake of hypometabolic brain areas were separately 

correlated to the altered GI biomechanical measurements (Spearman’s ρ correlation coefficient, 

p-value <0.05). 
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7.3.3. Results 

Subjects 

Eight out of the 26 recruited patients were excluded from the analysis because of near fall 

episodes during the standing before the first step. Four additional patients were excluded 

because of the absence of the IMB phase. The group of the remaining 14 patients matched the 

HC group in terms of demographic, AM and BoS measurements (see Table 12). 

 
Table 12: Demographic, clinical, AM and BoS data of the recruited subjects. Data are shown as mean 
(standard deviation). No statistical differences were found across the two groups (p<0.05, Wilcoxon test 
for all variables except for gender, compared with Pearson's chi-squared test). 
Abbreviations: AM: anthropometric measurements; BoS: Base of Support; DEM: demographics; M: males; 
N: total number of subjects; PSPRS: Progressive Supranuclear Palsy Rating Scale; LEDD: levodopa 
equivalent daily dose. 

 Data HC PSP 

DEM Gender (M/N) 9/14 (~64%) 6/14 (~43%) 

Age (yrs) 65.1 (3.4) 66.6 (4.7) 

Clinical data Disease duration (years) (-) 5.3 (3.1) 

PSPRS History (0-24 score) (-) 5.5 (2.1) 

PSPRS Mentation (0-16 score) (-) 1.4 (1.1) 

PSPRS Bulbar (0-8 score) (-) 2.9 (1.3) 

PSPRS Ocular motor (0-16 score) (-) 8.3 (4.8) 

PSPRS Limb motor (0-16 score) (-) 5.6 (1.9) 

PSPRS Gait and midline (0-20 score) (-) 9.3 (2.7) 

PSPRS Total (0-100 score) (-) 33.0 (9.7) 

LEDD (mg) (-) 326.7 (304.0) 

AM Body Height (BH, cm) 169.4 (11.4) 163.7 (8.9) 

Limb Length (LL, cm) 88.9 (6.0) 84.0 (6.6) 

Foot Length (FL, cm) 25.0 (1.5) 24.3 (2.0) 

Body Mass (BM, Kg) 73.9 (13.2) 72.3 (11.6) 

Body Mass Index (BMI, Kg/m2) 25.4 (3.7) 27.2 (5.3) 

Inter ASIS distance (IAD, cm) 28.6 (1.7) 30.6 (5.2) 

BoS BoS Area (BA, cm2) 721.8 (126.5) 752.1 (113.4) 

BoS Width (BoSW, cm) 181.3 (51.1) 197.8 (40.9) 

Foot Alignment (FA, cm) 7.1 (4.1) 10.2 (6.0) 

Difference between feet 

extra-rotation angles (βΔ, deg) 
21.4 (9.3) 23.6 (6.8) 

BoS opening angle (β, deg) 20.1 (8.4) 21.3 (7.4) 
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BoS influence 

Of relevance, no GI measurement was dependent from the BoS in the PSP group. Regarding the 

HC, the results of the partial correlation analysis were similar to the ones of WP-1 (paragraph 7.1) 

and WP-2 (paragraph 7.2). CoM velocity, acceleration and position with respect to the CoP 

calculated at the end of IMB were affected by the BoS. During the UNL phase the CoP 

displacement, average and maximum velocity towards the ML direction were also influenced by 

the BoS. In Table 13, all GI measurements independent from the BoS are listed for the two groups. 

For a complete description of all variables, please refer to Table 3. 
 

Disease effect on GI 

The biomechanical analysis of GI highlighted the complete disruption of APA programming in the 

PSP group (Table 13). In particular, the totality of the IMB measurements except for the phase 

duration (IMBT) was altered in the pathological cohort. The AP displacement and velocity of the 

CoP during UNL was instead preserved, but the resulting velocity and acceleration of the CoM at 

the end of this phase was decreased. Also, the time needed for shifting the weight to the stance 

foot (UNLT) was significantly prolonged with respect to the HC. The stepping phase showed 

alterations in both CoM velocity and distance from the CoP (TOCoMV and TOCoPCoM), first step 

length, maximal and average velocity (SL, SMV and SAV). Results of the statistical comparison 

between HC and PSP are shown in Table 13. 

 

Clinical features and correlations with GI measurements 

Table 14 shows the significant correlations between the clinical scores and the GI measurements. 

Only GI measurements different across groups were included in the correlation analyses with the 

clinical scores. Of relevance, while disease severity as evaluated by PSPRS scores correlated with 

GI outcome variables, disease duration was not related to the motor performance. In particular, 

the PSPRS categories regarding motor impairment (i.e., Limb motor and Gait and midline) were 

correlated with biomechanical variables of both the APA and stepping phase. 

 

Metabolic features 

In the PSP group six hypomethabolic areas were identified by the FDG PET: the right dorsolateral 

prefrontal cortex (cluster peak coordinates: x=46, y=14, z=50; k=381, pFWEcorr=0.005, Z-

score=4.43), the left supplementary motor area (SMA, cluster peak coordinates: x=-8, y=18, z=62, 

k=221, pFWEcorr=0.039, Z-score=4.91), the middle cingulate cortex (cluster peak coordinates: 

x=12, y=4, z=38, k=493, pFWEcorr=0.01, Z-score=4.48), the left caudate nucleus (cluster peak 

coordinates: x=-14, y=6, z=12, k=366, pFWEcorr=0.006, Z-score=6.76) the medial thalamus and the 

midbrain (cluster peak coordinates: x=8, y=-20, z=12, k=2184, pFWEcorr<0.001, Z-score=6.31; 

subcluster peak coordinates: x=8, y=-20, z=-12, pFWEcorr<0.001, Zscore=6.22, respectively). The 

metabolic uptake values of these brain areas were correlated with the GI measurements which 

differed across the two groups. Significant correlations are shown in Table 14. 
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Table 13: List of GI measurements not dependent from the BoS in all groups. Data are shown as mean 

(standard deviation) before the decorrelation normalization process for sake of data intelligibility. ML 

displacement was defined positive towards the swing foot and towards the stance foot for the IMB and 

UNL phase, respectively. For both IMB and UNL, the AP displacement was expressed as positive when 

oriented backwards. For a detailed description of all variables please refer to Table 3. *: significant p values 

after Bonferroni correction for multiple comparisons, Student’s or Wilcoxon test as appropriate. 

 

 

GI measurements HC PSP 

IMB duration (s) 0.38 (0.09) 0.42 (0.20) 

IMB displacement (mm) 66.7 (23.9) * 22.3 (10.3) * 

IMB displacement ML (mm) 46.8 (18.5) * 18.2 (10.3) * 

IMB displacement AP (mm) 41.1 (16.5) * 3.0 (7.7) * 

IMB average velocity (mm/s) 193.8 (87.1) * 64.0 (43.2) * 

IMB average velocity ML (mm/s) 137.4 (69.9) * 54.7 (40.1) * 

IMB average velocity AP (mm/s) 118.4 (52.8) * 22.2 (19.4) * 

IMB maximal velocity (mm/s) 379.1 (171.2) * 125.9 (77.4) * 

IMB maximal velocity ML (mm/s) 287.6 (134.1) * 114.5 (73.6) * 

IMB maximal velocity AP (mm/s) 264.4 (120.4) * 59.0 (37.8) * 

UNL duration (s) 0.35 (0.08) * 0.76 (0.33) * 

UNL displacement AP (mm) -12.3 (17.9) -1.3 (26.9) 

UNL average velocity AP (mm/s) 57.3 (29.7) 37.9 (35.4) 

UNL maximal velocity AP (mm/s) 366.4 (172.1) 187.7 (87.6) 

CoM velocity at UNL end (m/s) 0.22 (0.07) * 0.12 (0.04) * 

CoM acceleration at UNL end (m/s2) 1.45 (0.45) * 0.76 (0.29) * 

CoP-CoM distance at UNL end (m) 0.08 (0.03) 0.05 (0.02) 

Slope CoP-CoM vector at UNL end (°) 39.9 (12.3) * 64.4 (15.9) * 

CoM velocity at swing toe off (mm/s) 0.86 (0.18) * 0.32 (0.13) * 

CoM acceleration at swing toe off (mm/s2) 1.18 (0.38) 0.85 (0.33) 

CoP-CoM distance at swing toe off (mm) 0.30 (0.06) * 0.16 (0.08) * 

First step length (m) 0.55 (0.09) * 0.30 (0.09) * 

First step average velocity (m/s) 1.01 (0.14) * 0.35 (0.14) * 

First step maximal velocity (mm/s) 3.11 (0.52) * 1.97 (0.82) * 
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 GI measurements Spearman’s ρ 

PSPRS  History UNL duration 0.53 

Limb motor 

IMB average velocity ML -0.58 

UNL duration 0.60 

CoP-CoM distance at UNL end -0.59 

Gait and midline 

UNL duration 0.59 

CoM velocity at swing toe off -0.59 

First step maximal velocity -0.57 

FDG PET 

Left caudate nucleus 

IMB average velocity AP 0.66 

CoM velocity at UNL end 0.81 

CoP-CoM distance at swing toe off 0.74 

Left SMA Slope CoP-CoM vector at UNL end 0.72 

Medial Thalamus CoP-CoM distance at swing toe off 0.69 

Midbrain CoP-CoM distance at swing toe off 0.70 

Middle Cingulate Cortex CoM velocity at UNL end 0.64 

 
Table 14: Clinical and biomechanical correlations with FDG PET findings. Only significant correlations are 
shown (Spearman’s ρ correlation, p<0.05, uncorrected). For a detailed description of all GI variables, refer 
to Table 3. 
Abbreviations: CoM: centre of mass; CoP: centre of pressure; FDG: 2-deoxy-2-[18F]fluoro-D-glucose; GI: gait 
initiation; IMB: imbalance; LEDD: levodopa equivalent daily dose; PET: positron emission tomography; 
PSPRS: Progressive Supranuclear Palsy Rating Scale; UNL: unloading. 

 

7.3.4. Discussion 
To my best knowledge, this is the first research work aiming to relate biomechanical performance 

at GI and brain metabolic alterations in these patients. Of relevance, I analysed patients with PSP 

in Med-OFF condition, also accounting for the influence of the AM and BoS in the evaluation of 

GI, two aspects overlooked in the previous works on the topic.  

Biomechanical measurements showed a severe disruption of APA programming at GI in patients 

with PSP. Of relevance, four of the included patients did not present the IMB phase. IMB phase 

is the part of APA directly related to feedforward motor control. The absence of the IMB phase 

might suggest that these patients are not able anymore to put into action pre-programmed 

motor sequences to effectively accelerate forward the CoM while dynamically controlling 

balance [10], [20], [66]. PSP patients would rather move the CoP immediately toward the stance 

foot at the onset of GI, as previously suggested by Amano and coll. [308]. In the remaining 

patients, IMB phase was present but showed major alterations. Displacement and velocity of CoP 

during IMB phase were strongly reduced, particularly towards the AP direction, and not 

compensated during the subsequent UNL phase, as observed instead in patients with PD (WP-1, 



114 
 

paragraph 7.1). This led to a reduced CoP-CoM distance and vector slope at the end of the UNL. 

The inability to effectively modulate CoP position together with rigidity and bradykinesia [306], 

[307], which may prevent the prompt stepping forward as shown by reduced first step length 

and velocity, might expose these patients to high risk of falls during postural transitions. Of 

relevance, the categories Limb motor and Gait and midline of the PSPRS clinical scale correlated 

mostly with GI timing variables. These findings suggest that the PSPRS clinical scale might be 

particularly sensitive in capturing the bradykinetic aspects of the motor behaviour of these 

patients.  

The neuroimaging findings highlighted which supraspinal areas are related to the disruption of 

feedforward motor control at GI observed in these patients. The caudate nucleus seems to have 

a predominant role in this process particularly for the production and control of the APA, as 

shown by the correlation of the metabolic uptake of this region with biomechanical variables of 

IMB, UNL and stepping phases in patients with PSP. This is in line with the findings of WP-1 

(paragraph 7.1), where striatal dopamine was shown to be involved in GI execution in patients 

with PD [38]. Of relevance, patients with PSP were additionally characterized by hypometabolism 

of the SMA, a cortical area implicated in the production of the APA [20], [422], [438]. The uptake 

values of the SMA correlated positively with the slope of the vector connecting CoP and CoM at 

the end of the UNL phase, thus further supporting the role of this brain region in forward 

propelling the CoM during GI. Of note, postural instability in parkinsonian patients was shown to 

be related to caudate atrophy and poor connectivity between this nucleus and the SMA [469]. 

Also, the SMA was proven to be involved in the sequencing, online changing, and switching 

between motor programs [45], [436], [437]. Considering the multiple anatomical and functional 

connections of the basal ganglia with the cortex, thalamus and brainstem [406], [407], [425], 

[428], [470] my findings support the hypothesis of the importance of these structures, 

particularly the striatum [38] and their interplay with the SMA in feedforward motor control at GI 

and task execution, as in modulating locomotion in general [45], [471].  

The results of the FDG uptake of the cingulate cortex were positively correlated to the CoM 

velocity at the end of the UNL (Table 14). The cingulate cortex is involved in several functions 

relevant for an effective motor control, such as executive and attentive functions, decision 

making, and performance monitoring [472]. It is not well-know its function in locomotion control, 

but some evidence points towards its possible role in handling feedback signals and information 

about the environment in order to adapt the gait pattern accordingly [9], [134], [139], [246], [473]. 

Also, together with the SMA it may favour the transition from linear walking to a more controlled 

gait [9]. The findings of my study fit well in this framework, suggesting a more cautious GI 

strategy, characterized by lower CoM velocity, in presence of altered feedback signals from the 

cingulate cortex. 

The metabolic uptake values of thalamus and midbrain were decreased in PSP patients and 

correlated specifically with the final moment arm of the CoM. During locomotion, the thalamic 

nucleus was shown to play a relevant role in integrating information from the basal ganglia with 

cerebellar and somatosensory inputs, directly regulating the activity of the cortex during the 

various phases of the gait cycle [474]. The thalamus is particularly involved in gait modulation, 

e.g. during the adaptation of the gait pattern to a complex terrain or during transition from 

standing to walking [438], [474]. In PSP patients, previous works showed poor functional 
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connectivity between the thalamic region and other areas of the locomotor network, such as the 

SMA, the striatum, the cerebellum [475]. Of relevance, in PSP patients the thalamic and caudate 

hypometabolism were both related to increased CoP sway path during postural maintenance, but 

only the thalamus was engaged by the modulation of sensory inputs (i.e., eyes open/close and 

head straight/extended) [349]. These results suggest that if basal ganglia may be mainly 

responsible for APA programming, the activity of the thalamus may be instead dedicated to the 

optimization of the stepping phase by integrating the basal ganglia output with ascending 

somatosensory and cerebellar information.  

 

The midbrain area includes the PPN and the cuneiform nucleus, both fundamental relay nodes in 

the supraspinal locomotor network, receiving inputs from the cortex, the basal ganglia and the 

cerebellum and projecting to the thalamocortical and reticulospinal pathways [476]. Our 

understanding of the role of different Midbrain nuclei in the control of human locomotion is very 

limited. Neuronal loss at the PPN level might contribute to gait disorders and postural instability 

in advanced PD patients [476]–[478]. A case study reported that an haemorrhage at the 

pontomesencephalic junction in the right pedunculopontine area caused inability to stand and 

stepping in an elderly woman [479]. DBS of the PPN provides additional information supporting 

this hypothesis. Low-frequency stimulation of the PPN can improve postural instability and gait 

in PD patients [480], [481], and promoted the normalization of the backward shift and velocity of 

the CoP during IMB and the velocity of the stepping at GI [481], but results are still controversial 

[478], [482].  

 

PPN was also a target for DBS in patients with PSP [352] either alone [357]–[360] or in 

combination with the stimulation of the GPi [358]. Results in PSP were controversial and clinical 

efficacy not remarkable, but this might possibly be related to the difficulty of accurate targeting 

this multifaceted structure [478], to the lack of knowledge of the complex neurophysiological 

substrate of the locomotor network [315] and to the degeneration of the PPN in PSP patients 

[478], as suggested by my study. Indeed, my findings showed a correlation between the 

hypometabolism of the Midbrain and the final arm of the moment applied to the CoM 

(TOCoPCoM), supporting the hypothesis that the PPN might be the gateway node of the 

locomotor network, which would allow the appropriate forward propulsion at GI. 

 

7.3.5. Conclusions and study limitations 
In this work, I related for the first time brain metabolic alterations and GI biomechanics in patients 

with PSP, as a putative in vivo model of subjects with a distinctive deficit in postural maintenance. 

Findings suggested a different and selective involvement of the Caudate nucleus, Cingulate 

cortex, Thalamus, and Midbrain. 

This study deepened our knowledge on the different nodes of the supraspinal locomotor 

network in APA programming at GI. Also, it corroborated the methodological pipeline developed 

in WP-1 (paragraph 7.1). to assess GI in healthy and pathological subjects accounting for the 

influence of AM and BoS for meaningful biomechanical-imaging correlations. 

Despite the relevance and novelty of these findings, this study suffers from the small number of 

patients recruited, which derives mainly from the low prevalence of PSP. Only 14 patients were 

able to perform the biomechanical protocol and only 11 underwent the neuroimaging 
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assessment. Results should be further confirmed on larger cohorts. Considering the rarity of PSP 

[291], [293]–[295], [483], the number of patients recruited is still considerable and in line with 

previous studies [308], [349], [468]. Regarding the neuroimaging part, it is important to notice 

that the severe neuronal loss, which is present already at the time of the clinical diagnosis, might 

have masked significant correlations with the GI measurements [341]. Also, the low resolution of 

PET images might have prevented to identify the specific contribution to GI of small brain areas 

such as the PPN and CN. 

 

7.3.6. Publications 
Palmisano, C, Todisco, M, Marotta, G, [...], Pezzoli, G, Isaias, I U, NeuroImage: Clinical, 2020, 

28:102408 [75] 

Giordano, R, Canesi, M, Isalberti, M, Marfia, G, Campanella, R, Vincenti, D, Cereda, V, Ranghetti, 

A, Palmisano, C, […], Pezzoli, G., Frontiers in Neuroscience, 2021, 15:723227 [353] 
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7.4. WP-4: What is the STN contribution to standing and walking? 

 

Aim: to investigate the neural activity changes of the STN between upright standing and linear 

walking 

 

7.4.1. Background 
High frequency (100-180Hz) STN DBS is a mainstay treatment for advanced stage PD, as greatly 

effective on the main motor symptoms (i.e., bradykinesia, rigidity and tremor) and able to reduce 

levodopa-related side effects (e.g., dyskinesia and motor fluctuations) [484], [485]. Still, its poor 

and sometimes even detrimental effect on gait disturbances [271], [273], [486], [487] represent 

a major limitation for a more widespread use of this treatment. In one study, about 42% of PD 

patients experienced a worsening of gait in the post-operative period while the global motor 

outcome improved [488]. STN DBS is particularly detrimental to gait rhythmicity and variability 

[489], FoG [490], and risk of falls [491], while it may improve stride length and lower limb range 

of motion [19], [492], [493]. The exact pathophysiological mechanism of this negative effect is 

still unclear, but one possible explanation could be related to the involuntary stimulation of the 

PPN nucleus, located just 5 mm away from the STN [432]. Indeed, high frequency stimulation of 

the PPN in patients with PD showed to deteriorate gait, while low-frequency stimulation lead to 

considerable gait improvement [480], [481]. In line, Moreau and coll. first demonstrated that 

lowering the frequency of stimulation from 130Hz to 60Hz can improve locomotion and FoG in 

PD patients [432], a finding further supported by other groups [494], [495].  

Unfortunately, commercially available DBS devices allow only constant stimulation (continuous 

DBS, [cDBS]). The timely adjustment of the stimulation delivery (aDBS), would be an important 

improvement to optimize DBS efficacy, possibly allowing the reduction of the stimulation 

frequency during gait. Some attempts to modulate stimulation delivery are currently being 

investigated, and the first prototype devices for aDBS are forthcoming. The key factor for the 

successful design and application of aDBS paradigms remains the identification of the control 

variable to be used as an input signal to modulate stimulation changes [496].  

The most studied biomarker are variations of the power of STN-LFP in the beta frequency band 

(13-30Hz) [52], [53], [288], [289], [496]. Unmedicated PD patients display an abnormal LFP 

synchronization and burst-like activity in the beta frequency range which is suppressed by 

levodopa intake [497]–[501] and cDBS [278] to an extent correlated with the improvement of 

akinetic-rigid symptoms [499], [502].  

Consistent with these findings, aDBS devices under investigation aim to modulate stimulation 

delivery based on the detected beta power to ensure its suppression. However, identifying the 

beta band power exclusively as an expression of parkinsonian symptoms could be misleading in 

the development of aDBS protocols. Indeed, beta oscillations might carry relevant information in 

coding movements (and movement phases) [503], [504] and perceptual, cognitive processes 

[505]. Furthermore, beta power showed to be modulated by internally paced movement [497], 

[498] and motor programming and initiation [278], [504] and as such it could possibly be used as 

an input signal coding motor transitions (such as GI) and not a disease state. 

The few studies reporting STN-LFP activity during human walking showed controversial results 

[42], [44], [47], [48], [284], [506], [507] with beta power being suppressed [47], [48], [506], [507] 
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or unchanged during gait [42], [44], [284]. Of relevance, all the studies showing a beta 

modulation during gait but one [47]were performed in the immediate post-operative period, thus 

being biased by the “stunning” effect (i.e., the peri-electrode edema due to leads placement). 

The identification of robust biomarkers of gait is of fundamental importance for the successful 

application of aDBS paradigms and deserve further investigation [503]. In my most recent 

studies, I aimed at characterizing the neural activity of the STN nucleus during standing and 

walking in a group of implanted PD patients. I focused the analysis on the identification of power- 

and frequency-based neural features able to consistently distinguish in each patient standing and 

walking conditions. Besides power changes, I was mostly interested in exploring phase-resetting 

phenomena (e.g., frequency shifts) [508]–[512] as an alternative informational domain for 

understanding gait-related oscillatory electrical activity in the human basal ganglia and 

supraspinal locomotor network [513]. 

 

7.4.2. Materials and Methods 

Subjects 

I recruited eight patients with PD, diagnosed according to the United Kingdom Brain Bank Clinical 

Diagnostic criteria, implanted bilaterally with the DBS system Activa PC+S in the STN. For details 

on the DBS device and surgical procedure, please refer to paragraphs 4.3.5 and 6.3.2. Of 

relevance, all recruited patients were implanted at least six months before the experiment and 

had unchanged stimulation parameters and medication for at least the eight weeks prior to the 

recordings. Patients were not suffering from any neurological disorder other than PD, cognitive 

decline or mood disturbances as assessed by clinical scales (i.e., Parkinson neuropsychometric 

dementia assessment, Mattis dementia rating scale, Hamilton depression rating scale, and the 

non-motor symptoms scale). Psychometric tests were part of the clinical workup of the patients 

preparatory to the DBS implant. Before and after surgery, the motor state of the patients was 

evaluated with the UPDRS-III scale by a clinical expert in motor disorders (Prof. Isaias) in the 

following conditions (i) Stim-OFF and Med-OFF, (ii) Stim-ON and Med-OFF, (iii) Stim-OFF and Med-

ON and (iv) Stim-ON and Med-ON. Please refer to paragraph 6.1 for further details on the 

medication condition during the assessments. Clinical and demographic data of the cohort are 

shown in Table 15. Eleven healthy subjects similar for demographic and anthropometric 

parameters (9 males, median age 60 years, range 50–66 years) were recruited for the 

biomechanical assessment. A second group of 15 healthy subjects (4 males, median age 67 years, 

range 44–74) underwent the neuroimaging assessment to define a normative set of data. 

 

Ethical approval 

The local ethical committee of the University Hospital of Würzburg approved the study. The 

Institutional Review Board of the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico di 

Milano approved the neuroimaging investigation on healthy controls. All subjects gave written 

informed consent, according to the Declaration of Helsinki. 

 

Experimental setup 

The experiment took place at the Gait Laboratory of the UKW of Würzburg. Patients were 

recorded in Stim-OFF (i.e., after two hours from the switching off of the stimulator) and Med-OFF 

condition (i.e., after overnight suspension of all dopaminergic drugs). Subjects were asked to 
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stand still for about 30s at the beginning of the walkway and at a verbal signal to start walking at 

their preferred speed and with their preferred stepping leg till its end. Initial stance position was 

not standardized to avoid any bias to the natural motor strategy of patients. The number of trials 

executed by each patient was limited by patients’ clinical condition and ranged from six to ten. In 

addition to the assessment of standing and walking, each recording session started with an 

anatomic calibration which served for the computation of the main AM (see paragraphs 6.3.1 and 

6.3.3). 

 

Kinematic data analysis 

First, I identified the standing and walking periods as the interval from the beginning of the trial 

till before the heel off of the swing foot and the interval at steady-state velocity, respectively. 

Please refer to 6.4.2 paragraph for further details. The standing was not biomechanically 

characterized as at the margin of the calibration volume of the optoelectronic system. During the 

walking period, I identified the strides by means of the markers placed on the feet. Thanks to the 

main gait cycle events (i.e., heel contacts and toe off) I was able to compute the stride duration, 

length, and velocity (normalized to subject’s height), as well as the stance and double-support 

duration (time-normalized as a percentage of the stride duration). For each subject, variables 

were averaged over the trials. The analysis was performed on both patients and healthy controls. 

The identification of gait cycle events served also to identify windows of interest for the 

evaluation of the LFP activity in patients (see paragraph “LFP data analysis” later in the text). 

 

Molecular imaging 

Patients underwent a SPECT and FP-CIT to evaluate the residual density of the dopamine reuptake 

transporter (DAT) at the level of the striatum. Accordingly, the two analysed STN were classified 

as (+) and (-) when belonging to the less and most depleted hemisphere, respectively. A group of 

healthy control underwent the same protocol to define a normative set of data. Details on the 

neuroimaging data elaboration can be found in paragraph 6.2.  

 

LFP data analysis 

Recordings of LFP were performed with a bipolar derivation bridging the chronically active 

electrode [285] with a sampling frequency of 422 Hz and amplified by 1000. After the 

synchronization with the kinematic data and the pre-processing analyses (see paragraph 6.4.2 for 

further details), the LFP were decomposed in the time-frequency domain using 46 Morlet 

wavelets in the range 5-40Hz [395]. The time-frequency representation was epoched into strides, 

as identified by the kinematic events, and time-warped to a reference stride duration equal to the 

average stride duration of the patient cohort (1.15s). To avoid border effect introduced by the 

polynomial interpolation, the time-warping was applied with a window of 1.5s centred at each 

velocity peak of the swing foot. For the standing period, I identified windows of the same length 

(1.15s) with zero overlap and not related to any kinematic event. The PSD of walking and standing 

were computed as the average of the time-frequency representation by removing the 1/f 

component [397]. Separately for the two STN, classified as STN- and STN+, the PSD of walking 

and standing epochs were then analysed by means of mutual information techniques [398] with 

the Information Breakdown Toolbox [401]. I computed the information over the state of the 

system (i.e., walking or standing) carried by six features: i) the frequency showing the highest 

peak (fPEAK) in the beta band (13-30Hz); ii) the power over the entire beta band (PBETA); iii) the 
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power in the range fSTAND±2Hz (PSF), where fSTAND was defined as the frequency peak during 

standing; iv) the power in the range fWALK±2Hz (PWF), where fWALK was defined as the frequency 

peak during; v) the amplitude of the PSD at each frequency bin in the range (5-40)Hz; vi) the 

power in the range fMIF±2Hz (PMIF), where fMIF was the maximally informative frequency, defined 

as the frequency bin showing the highest significant peak according to the spectral information 

[402], [403]. The information carried by the knowledge of a feature bilaterally and information 

redundancy were also computed [286]. For each single feature, I built a binary logistic regression 

classifier to test the ability of the feature in correctly classifying standing and walking epochs. An 

additional classifier using as input variables the PMIF of both hemispheres was designed and tested 

(see “LFP preprocessing” for further details). The performance of each classifier was validated 

on 100 subsamples. Specifically, for each subject and subsample N standing and N walking epochs 

were randomly selected and merged, with N equal to the number of available walking epochs for 

the specific subject. The classifier was validated with a leave-one-out cross validation approach 

repeated on each subsample. The percentage of epochs correctly classified and the area under 

the ROC curve were computed to evaluate the performance of the classifier (see paragraph 6.4.2 

for further details). 

 

Statistical analysis 

The Steel-Dwass all-pairs test (p-value set at 0.05) was used to compare the AM, the kinematic 

data and the neuroimaging findings between PD and HC. LFP features were compared across 

conditions (i.e, walking and standing) with a Wilcoxon signed rank test (p-value set at 0.05). 

Correlations between neuroimaging data and spectral features were also computed (Spearman’s 

rho, p-value set at 0.05). All information analyses were performed with the Information 

Breakdown Toolbox [401]. Due to the limited number of observations, the information carried by 

the different features of the LFP signals were corrected with the Panzeri-Treves bias correction 

[404]. Significance was evaluated with a bootstrap test of 100 repetitions (threshold for 

significance equal to the 95% percentile of the information carried by randomized data). The 

information carried by each LFP feature over the state of the system was compared with a 

Wilcoxon signed rank test. The Clopper-Pearson test was used to evaluate the performance of 

the classifiers. 

 

7.4.3. Results 

Subjects and kinematic data 

Clinical and demographic data of PD patients are shown in Table 15. Patients and HC did not differ 

for AM measurements (Table 16). PD patients showed decreased stride length, average and 

maximal velocity, but an overall preserved timing of the gait cycle (Table 17). 

 

Molecular imaging data 

All patients showed altered values of DAT density at a striatal level with respect to normative 

data. At a group level, DAT density in patients with PD was bilaterally decreased with respect to 

healthy controls for the Caudate and the Putamen nuclei and the Striatum (Table 18). 
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Subject Age Gender 
Disease 

duration 
LEDD UPDRS 

    
pre-

DBS 

post-

DBS 
pre-DBS post-DBS 

      
Med-

OFF 

Med-

ON 
Med-OFF Med-ON 

        
Stim-

OFF 

Stim-

ON 

Stim-

OFF 

Stim-

ON 

wue02 65 M 10 1100 800 40 23 39 19 17 16 

wue03 61 M 18 2725 600 40 9 45 17 23 14 

wue04 54 M 7 658 400 26 8 27 5 9 8 

wue06 51 M 11 1133 180 46 11 48 12 11 6 

wue07 61 M 10 650 220 43 24 29 15 8 9 

wue09 55 M 19 1200 730 50 11 33 16 8 11 

wue10 56 M 10 1200 550 69 14 65 25 20 5 

wue11 53 F 11 1300 460 55 4 51 9 13 14 

 

Table 15: Demographic and clinical data of the recruited patients. Each subject is indicated with an 
anonymization code. All patients benefited from the DBS implant as shown by the decrease of the LEDD 
and improvement of the UPDRS-III score in the post-operative evaluation.  
Abbreviations: LEDD: Levodopa Equivalent Daily Dose; DBS: Deep Brain Stimulation; UPDRS: Unified 
Parkinson Disease Rating Scale. 
 
 

ANTHROPOMETRIC MEASUREMENTS 

Subject 
Body height 

(cm) 

Inter-ASIS 

distance 

(cm) 

Foot length 

(cm) 

Limb length 

(cm) 

Weight 

(Kg) 

BMI 

(Kg/m2) 

wue02 176.2 32.9 27.2 85.4 107.49 34.64 

wue03 180.5 28.5 26.6 93.5 93.95 28.82 

wue04 171.0 23.6 26.1 89.2 71.91 24.60 

wue06 167.2 25.3 23.8 87.6 67.52 24.16 

wue07 175.4 23.9 24.1 91.5 77.49 25.17 

wue09 181.9 28.8 25.5 93.7 100.58 30.39 

wue10 187.4 27.4 26.8 93.8 98.35 28.00 

wue11 166.7 26.1 25.1 86.3 101.5 36.52 

PD 
175.1 

(7.6) 

26.8 

(3.2) 

25.5 

(1.3) 

89.6 

(3.4) 

89.26 

(16.36) 

29.07 

(4.98) 

HC 
174.2 

(6.5) 

29.0 

(3.5) 

25.4 

(1.5) 

90.0 

(3.0) 

76.54 

(10.74) 

25.22 

(3.58) 

 
Table 16: AM parameters for each subject and the two groups (PD and HC). Data are shown as mean or 
mean (standard deviation) as appropriate. No significant differences were found (p<0.05, Steel-Dwass all 
pairs).  
Abbreviations: BH: Body Height; BMI: Body Mass Index; FL: Foot Length; HC: Healthy Controls; PD: 
Parkinson’s Disease.  
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GAIT CYCLE VARIABLES 

Subject 
Stride 

duration (s) 

Stance 

duration 

(%stride) 

Double 

support 

(%stride) 

Stride 

length 

(%BH) 

Stride 

average 

velocity 

(%BH/s) 

Stride 
maximal 
velocity 
(%BH/s) 

wue02 1.18 (0.02) 65.11 (1.61) 30.55 (1.75) 72.38 (0.04) 65.80 (0.06) 195.01 (0.15) 

wue03 1.18 (0.05) 62.38 (1.95 24.11 (1.97) 52.23 (0.04) 44.26 (0.05) 147.59 (0.25) 

wue04 1.23 (0.03) 63.93 (1.16) 27.97 (1.69) 61.99 (0.03) 50.40 (0.04) 163.17 (0.13) 

wue06 1.10 (0.04) 60.52 (1.37) 21.22 (1.94) 64.56 (0.09) 55.65 (0.07) 187.80 (0.20) 

wue07 1.09 (0.04) 59.31 (2.07) 18.22 (3.41) 53.32 (0.06) 49.37 (0.07) 166.56 (0.20) 

wue09 1.08 (0.03) 64.11 (1.65) 28.24 (2.59) 62.03 (0.06) 52.57 (0.05) 165.61 (0.70) 

wue10 1.16 (0.04) 63.66 (1.57) 27.07 (2.22) 66.12 (0.07) 60.66 (0.05) 181.25 (0.19) 

wue11 1.18 (0.04) 65.55 (1.57) 31.03 (2.48) 54.58 (0.05) 46.26 (0.05) 151.75 (0.13) 

PD 
1.15 

(0.05) 

63.07 

(2.19) 

26.05 

(4.52) 

60.94* 

(6.99) 

53.12* 

(7.28) 
169.84* 
(16.82) 

HC 
1.13 

(0.09) 

62.31 

(1.62) 

24.58 

(3.32) 

72.00* 

(6.41) 

64.17* 

(9.37) 
199.63* 
(21.44) 

 

Table 17: Gait cycle variables for each subject and the two groups (PD and HC). Gait cycle variables were 
averaged across strides. Data are shown as mean (standard deviation). *: p<0.05, Steel-Dwass all pairs.  
Abbreviations: BH: Body Height; HC: Healthy Controls; PD: Parkinson’s Disease.  

 

 

Subject Caudate L Putamen L Striatum L Caudate R 
Putamen 

R 
Striatum R STN- 

wue02 0.88 0.57 0.72 1.43 0.91 1.17 L 

wue03 0.49 0.31 0.40 0.31 0.28 0.30 R 

wue04 1.15 0.7 0.93 0.58 0.44 0.5 R 

wue06 1.31 0.59 0.95 1.56 0.91 1.2 L 

wue07 0.92 0.64 0.76 1.22 0.79 1 L 

wue09 0.72 0.48 0.61 0.62 0.37 0.49 R 

wue10 0.97 0.5 0.75 1.2 0.74 0.96 L 

wue11 1.15 0.79 0.96 1.41 0.74 1.05 L 

PD 
0.95* 

(0.26) 

0.57* 

(0.15) 

0.76* 

(0.19) 

1.04* 

(0.47) 

0.65* 

(0.25) 

0.83* 

(0.35) 
(-) 

HC 
2.57 

(0.57) 

2.30 

(0.42) 

2.33 

(0.48) 

2.62 

(0.52) 

2.23 

(0.48) 

2.30 

(0.48) 
(-) 

 
Table 18: Neuroimaging findings. Values are shown as mean (standard deviation) and refer to the non-
displaceable binding potential (BPND) of dopamine reuptake transporters (DAT) at the level of the caudate 
nucleus, putamen and striatum separately for the two hemispheres. Striatal values allowed to identify the 
STN belonging to the most (STN-) and less (STN+) depleted hemisphere for grouping LFP recordings across 
subjects. *: p<0.05, Steel-Dwass all pairs. 
Abbreviations: HC: Healthy Controls; L: Left hemisphere; PD: Parkinson’s Disease; STN: subthalamic 
nucleus; R: Right hemisphere. 
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LFP features during standing and walking 

The PSD during standing and walking showed distinct frequency peaks in the beta band (fPEAK) for 

each patient and for both hemispheres. Specifically, the PSD of all STN- and in five out of eight 

STN+ shifted towards higher frequency from standing to walking. The frequency shift was 

statistically significant for the STN- only (STN-: 3.6 (0.68; 8.06) Hz and STN+: 2.45 (-4.16; 16.34) Hz; 

results in the text are shown as median (range) from now on). The power over the beta band 

(PBETA) and around the frequency peak during standing (PSF) was instead not different between 

conditions for both STN. On the contrary, the power computed around the frequency peak during 

walking (PWF) differed for both STN- and STN+ (Figure 35). In regard to the mutual information, 

fPEAK carried significant information for 16 of 18 hemispheres (STN-, 0.35 (0.002; 0.83) bits and 

STN+, 0.35 (0.03; 0.60) bits), while all other LFP features were poorly informative over the 

ongoing activity (PBETA , STN-: 0.05 (0.003; 0.21) bits and STN+, 0.06 (0; 0.35) bits, significantly 

informative in 8/16 hemispheres; PSF, STN-: 0.01 (0; 0.18) bits and STN+: 0.03 (0; 0.11) bits, 

significantly informative in 8/16 hemispheres; PWF, STN-: 0.02 (0;0.40) bits and STN+: 0.05 (0;0.58) 

bits, significantly informative in 7/16 hemispheres). Of relevance, the information carried by the 

fPEAK was significantly higher with respect to the information carried by the other features. Of 

relevance, no feature was significantly correlated with neuroimaging findings. 

Figure 35: LFP features for the STN- (in black) and STN+ (in grey) during standing (circles) and walking 
(triangles) of each patient. P-values resulting from the comparison between the two conditions (i.e., stand 
and walk, Wilcoxon signed rank test) were significant only for the fPEAK of STN- and for PWF of both 
hemispheres.  
Abbreviations: fPEAK: frequency with the highest beta peak (13-30Hz); fSTAND: frequency peak during 
standing; fWALK: frequency peak during walking; LFP: Local Field Potentials; PBETA: power over the entire 
beta band (13-30Hz); PSF:  power in the range fSTAND±2Hz; PWF:  power in the range fWALK ±2Hz; STN: 
Subthalamic Nucleus. 
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The maximally informative frequency 

The maximally informative frequency (fMIF) was defined for each STN as the frequency bin 

carrying the highest information over the state of the system. For all but one STN, it was located 

outside the range (fSTAND; fWALK). The power computed over a four-Hertz range centered at the fMIF 

(PMIF) carried significant information for all but two STN (STN-: 0.16 (0.04; 0.41) bits and STN+: 

0.25 (0.03; 0.58) bits). The joint knowledge of the PMIF of both STN- and STN+ lead to an increase 

of information (both STN: 0.28 (0.14; 0.6) bits, significant for 16/18 STN) [286]. 

 

Performance of the classifiers 

The classifiers based on PBETA, PSF and PWF showed poor performance in identifying standing and 

walking epochs. On the contrary, the classifiers based on fPEAK and PMIF showed good ability in 

discriminating between the standing and walking conditions (performance with fPEAK, STN-: 

0.87 (0.58; 1) and STN+: 0.90 (0.68; 1); performance with PMIF, STN-: 0.78 (0.59; 0.92) and STN+: 

0.84 (0. 71; 1)). Specifically, the first was significant for all patients and both STN and the latter for 

7 out of 8 STN- and all STN+. By combining the PMIF of the two hemispheres the performance of 

the classifier further improved (both STN, 0.90 (0.82; 1), significant for all patients [286]. 

 

7.4.4. Discussion 
The results of this study showed a gait-related frequency shift in the STN activity of PD patients. 

This neural behaviour was exploited to identify a maximally informative frequency (fMIF) whose 

power modulation (PMIF) can reliably distinguish standing from walking condition at a single 

patient level. The PMIF shows great potentialities as robust input signal for DBS protocols adaptive 

to the ongoing motor task.  

 

In the past, intensive research has been conducted to develop aDBS devices with the idea of 

monitoring disease biomarkers, e.g., akinetic-rigid symptoms. While this approach might be 

optimal for monosymptomatic disorders (e.g., Essential tremor), it might be only partially 

effective in PD, where a combination of symptoms and compensatory mechanisms occurs 

depending on daily motor tasks and disease progression. In line, my work paves the way for a 

different approach to neuromodulation that aims at targeting changes in the motor state. 

 

This study also expands our understanding of the role of the STN in human locomotion and the 

functioning of the supraspinal locomotor network. I envision a “clutch control” activity of the 

STN by conveying cortical (feedforward) and cerebellar (feedback) information by activating or 

inhibiting the MLR through direct glutamatergic projection or through the basal ganglia 

GABAergic output nuclei (i.e., the GPi and SNr). The frequency modulation recorded in the STN 

could then suggest the engaging of the “locomotor gear”. Indeed, as suggested by Foffani and 

coll. [512], frequency modulation can be an effectively modality to convey the information flow 

across multiple, weakly connected circuits (autonomous oscillators [i.e., spinal central pattern 

generators], thalamocortical-basal ganglia, etc.) of a large-scale network such as the locomotor 

network [286]. 

 

Of note, frequency modulation during walking was observed in the absence of gait derangements 

(e.g., FoG) and did not correlate with dopaminergic striatal depletion. Kinematic data also 

showed that, despite the presence of akinetic-rigid symptoms, the timing of gait was in the 
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normal range for all recruited patients. These observations would support the notion that a gait-

related subthalamic frequency shift in the beta range is a physiological rather than PD-related 

(pathological) neural behaviour. Network communication loss could directly result in gait 

derangements, as I showed with Pozzi and coll. [45] in FoG episodes. One can also envision that 

high frequency DBS might specifically interfere with frequency modulation mechanisms needed 

for effective postural transitions [286], [503]. 

 

This study also provides preliminary evidence that amplitude modulation might in some cases be 

only an epiphenomenon of other dynamics. Indeed, power changes over the beta band were not 

informative of the patient's motor state (i.e., walking). Their changes during standing and walking 

were most probably dependent on the frequency shift. This may incidentally well account for the 

large variability in previous studies regarding modulation in power of the signal recorded in STN 

during walking [42], [44], [47], [48], [284], [506], [507]. 

 

Because the devices currently available for aDBS are designed to monitor power rather than 

frequency modulation, I had to think of new metrics that would make the frequency shift a 

biomarker usable in terms of signal amplitude modulation. The PMIF has this potential, as it can 

distinguish standing and walking only on the basis of a power modulation of a specific frequency 

range, centered at the maximally informative frequency. As such, it can be readily used in aDBS 

devices. Future studies are warranted to exploit its potential for gait-specific aDBS, for example 

as an input signal to reduce stimulation frequency during walking [432], [494], [495].  

This study was among the first to apply information theory analysis on STN-LFP. The results 

provided preliminary evidence of the utility of such metrics for the identification of novel, disease-

specific and task-related input signal for aDBS at a single patient level. Further confirmation of 

the general validity of such metrics for motor control comes from my more recent study on 

grasping movements in parkinsonian patients [504]. This approach opens new avenues for true 

patient-tailored delivery of neuromodulatory therapies. 

 

Conclusions and study limitations 

This study has greatly deepened our understanding of the functioning of the supraspinal 

locomotor network in PD. In this work, I identified a reliable input signal (PMIF) to detect the 

walking state (from standing) in individual patients with PD and DBS. This work paves the way for 

new paradigms of aDBS, allowing proper adjustment of stimulation delivery based on the 

ongoing motor task and the optimization of the treatment of gait disturbances in patients with 

PD.  

Despite the relevance and novelty of these findings, this study suffers from some limitations. 

First, although in line with previous studies [42], [44], [47], [48], [284], [506], [507], the number 

of patients recruited is limited to generalize the results obtained. Of note, at the time of the study 

the device used for subcortical recordings was a prototype and only available in a very limited 

number and in a few centers. New devices (e.g., the Percept®, Medtronic, see chapter 8) will 

allow these results to be validated. 

The second important limitation is that the frequency shift was detected by analyzing walking 

periods of several seconds. Any modulation of stimulation for walking using this input signal 

would therefore be delayed with respect to the onset of walking. My next goal is to define the 
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minimum time window, possibly the APA phase of GI, for timely adjustment of stimulation 

parameters (see chapter 8). 
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8. Conclusions and future perspectives 
 

8.1. Overview of the achievements of my thesis-related works 

 

1. Influence of the BoS and AM on the kinematic resultants of APA at GI (WP-1) 

2. Role of putaminal dopamine loss on APA production in PD (WP-1) 

3. Effect of levodopa intake on GI in PD (WP-1) 

4. Specific FoG-related APA alterations at GI in patients with PD (WP-2) 

5. Impact of posture on GI (WP-2) 

6. GI alterations in patients with PSP (WP-3) 

7. Brain metabolic correlates with GI abnormalities in patients with PSP (WP-3) 

8. Role of the STN in gait control in patients with PD (WP-4) 

9. Identification of STN biomarkers for standing and walking in patients with PD (WP-4) 

 

8.2. What’s next 

In my thesis work, I deepened the understanding of the locomotor network and its dysfunctions 

in patients with PD and parkinsonism.  

 

Being PD mainly a dopamine-deficiency syndrome, I chose this neurological disorder as a model 

to study the role of dopamine and basal ganglia circuitry in locomotor control. In these patients, 

the lack of dopamine causes a profound alteration of the basal ganglia output leading to specific 

difficulties in motor planning and regulation, especially during transitions of motor states.  

 

GI is one of the most common motor transitions (from quite standing to steady state gait) in daily 

life activities and characterized by a preparatory phase (APA) easy to detect and characterize in 

a gait laboratory environment. In the context of PD and parkinsonism, this motor task is also of 

great relevance as it relates to high risk of FoG and falls, possibly suggesting a failure in the 

preparatory phase of GI in these patients. Patients with PSP were involved as well in my research 

activities, as typically characterized by poor motor control and undergoing PET scans for 

diagnostic purposes. These patients suffer chiefly from postural imbalance and falls backward as 

a direct expression of neural networks failure to control equilibrium. Biomechanical correlations 

with FDG PET allowed me to precisely identify the regional cerebral glucose metabolism related 

to balance maintenance. The combination of neuroimaging and biomechanical studies was 

indeed a distinctive feature of my works, which I further expanded by adding direct recordings 

of deep brain structures (i.e., the STN nuclei) in patients with PD, for a better assessment of 

human supraspinal locomotor network. 

 

My thesis work first focused on the methodological approach to the biomechanical assessment 

of GI. Indeed, despite the kinematic and dynamic aspects of GI had been previously extensively 

investigated, the role of experimental conditions and confounding variables had been neglected, 

thus leading to controversial results. In WP-1, I designed a robust approach to minimize the 

influence of confounding variables on the GI outcome variables. The experimental setup and 

pipeline for the data analyses designed in my PhD studies might provide useful guidelines for 

further studies on the GI assessment of both healthy subjects and patients.  



128 
 

 

The approach developed in WP-1 granted for reliable kinematic and dynamic measurements of GI, 

which paved the way for investigating locomotor control in PD and PSP (WP-1, WP-2 and WP-3). 

Specifically, I was able to better define the contribution of putaminal dopamine in GI execution 

and describe the impact of levodopa on GI in parkinsonian patients (WP1). Additionally, the 

findings of WP-3 provided further insights on the different brain regions involved in the control 

of GI.  

 

I further expanded my research activity by specifically analyzing GI in PD patients suffering from 

FoG by studying the peculiar features of the biomechanical resultants in these patients (WP-2). 

Of relevance, this study showed for the first time that GI impairment in PD is not related to 

postural alterations typical of these patients (i.e., excessive trunk and knee flexion). This 

investigation provided valuable information for future works aimed at characterizing neural 

dynamics for the identification of symptom-specific derangements of the supraspinal locomotor 

network and thus biomarkers predictive of the onset of falls or FoG.  

 

As highlighted in the “Introduction”, the methods available for assessing the supraspinal 

locomotor network have limited either temporal (e.g., PET and SPECT) or spatial (e.g., EEG) 

resolution. The EEG additionally suffers from contamination by motion-related artifacts and the 

need for multiple repetitions of the motor task, which is often difficult to achieve in severely 

impaired patients. A very promising new experimental strategy is using DBS devices that allow 

recording the neural activity of the implanted brain region. I was among the first researchers to 

investigate the activity of the STN during gait by using prototypal DBS devices able not only to 

stimulate but also to record the activity of the implanted nucleus (WP-4). In this context, an 

important part of my PhD activities focused on the test and use of these novel devices (i.e., Activa 

PC+S, PerceptTM PC, and Alpha DBS) facing technical issues and artefacts in the recordings. 

Because of the technical limitations of these cutting-edge devices (see chapter 6), I decided to 

start studying the activity of the STN during linear unperturbed gait and upright standing, which 

is still largely unknown, to move next to GI and gait modulation. Despite the technical difficulties, 

the simple fact that these devices are now commercially available will make their use widespread 

and bring closer the possibility of adaptive neuromodulation. 

  

These new DBS sensing devices granted the opportunity to study patients in an ecological and 

domestic setting. Still, precise laboratory evaluations remain necessary and an essential part of 

neurophysiological studies of the supraspinal locomotor network. It is therefore critical to 

develop new and more reliable setups for objective multimodal recordings of gait disturbances. 

Only in this way we will be able to describe the exact and distinctive pathophysiological 

derangements of each symptom (e.g., FoG) in the context of a more general network disorder, 

and then use this information for proper restorative neuromodulatory therapies. With this aim, 

during my PhD years I supervised a student for a Master thesis at the Politecnico di Milano for the 

validation of a fully immersive experimental virtual reality (VR) setup developed to study gait 

modulation. In collaboration with the colleagues of the Department of the Human-Computer 

Interaction of the University of Würzburg, we created a VR environment with a virtual agent (VA) 

programmed to cross the trajectory of the patient. The direction, walking velocity, and onset of 

the VA were defined based on the movement of the patient as detected in real time. Specifically, 
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during each walking trial the VA started moving to cross the patient’s trajectory at one-meter 

distance. This consistently induced a modulation of gait speed or its interruption and reprise, 

which are, together with GI, the most likely context for the occurrence of FoG and falls. 

Preliminary recordings were very promising: the VR setup was able to induce gait freezing 

episodes otherwise not present in the real-life gait. 

 

The development of new and more performing sensing devices and recording leads (e.g., 

SenSightTM, Medtronic PLC), and more reliable EEG systems (e.g., dual layer mobile EEG [515]), 

eventually combined with new VR setups, will allow an ecological but standardized gait 

assessment and open new research horizons for more effective neuromodulation strategies 

tailored to specific gait problems of each patient. 

 

We are just at the beginning of a fantastic new journey in the field of neuroscience and 

neuromodulation that will lead to fundamental discoveries about the human brain and to 

improve the quality of life for many patients with motor disorders. 
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12. Appendix 
 

12.1. List of figures 

 

Figure 1: The inverted pendulum model for upright posture. During standing, the main forces 

acting on the body are the BW and the GRF. Accordingly, the human body can be modelled as a 

point mass equal to the mass of the subject and concentrated at CoM location, supported by a 

rod of length L, approximately equal to the limb length, free to rotate around a hinge clockwise 

or counterclockwise. A small shift of the mass from the vertical direction causes a 

forward/backward acceleration of the mass, proportional to the angle α of deviation of the rod 

with respect to the vertical. A rotational actuator coaxial to the hinge represents the moment 

applied by the plantarflexor muscles on the leg, equal to the external moment generated by the 

GRF. ..................................................................................................................................................... 16 

Figure 2:  A) Schematic representation of the inverted pendulum model in static condition. BW 

and GRF are equal and contrary, and the net applied momentum is zero. B) When the CoM 

projection is anterior to the CoP, a net momentum and a consequent angular acceleration α is 

applied to the body in the clockwise direction, and the CoM accelerates forward. Consequently, 

the body gains an angular velocity α ̇ in the same direction. C) The central postural control 

responds to the forward CoM displacement by shifting the CoP anterior to the CoM projection. 

In this way, a counterclockwise angular acceleration α is applied to the body, which decreases 

the angular velocity α ̇   D) When the angular velocity α ̇ changes sign, the postural control acts 

by displacing again the CoP backwards, to restore the initial condition (B). The process is 

continuous along the maintenance of the standing posture. ......................................................... 18 

Figure 3: CoP and CoM oscillation in the transversal plane during quiet upright standing of a 

healthy subject (blue and red line, respectively). The shown CoP track was acquired with 

dynamometric force plates, while CoM movements were detected with a motion capture system. 

See paragraph 5.4.1 for further details. The sway of the CoP confines the CoM projection inside a 

very small area included in the BoS, avoiding balance loss. For ensuring balance maintenance, CoP 

dynamic range must be wider with respect to the CoM displacement. Of interest, the main 

direction of oscillation is the anterior-posterior, but medio-lateral oscillations are also present. 19 

Figure 4: Inverted pendulum model in the frontal plane. The two ankles are represented as 

separated hinges providing their own moments to the two rods modelling the lower limbs. The 

total CoP (CoPnet) is the weighted sum of the CoP of the two feet. The position of the CoM in the 

ML direction and the resulting GRF are regulated by the action adduction/abduction hip muscles.

 ............................................................................................................................................................. 21 

Figure 5: CoP displacement in the ML and AP directions (red and blue line in the top panel) and 

rectified muscular activity of swing and stance soleus and tibialis during GI. In the top panel, 

positive values correspond to movements backwards and towards the stance foot. The standing 

phase is characterized by a tonic activity of the soleus muscles, while the tibialis muscles are 

bilaterally silent. APA start at the silencing of the soleus of both swing and stance limbs (red 

dashed line) followed by a subsequent activation of the tibialis muscles (green dashed line). These 

two synergic actions lead to a displacement of the CoP backward and toward the swing limb (IMB 

phase). The re-activation of the soleus (purple dashed line) and gastrocnemius (not shown in the 

figure) allows to stop the backward progression of the CoP and to start the UNL phase. After the 

GI, it is possible to observe the alternate activation pattern of the two limbs typical of gait. ..... 23 

Figure 6: The typical displacement of the CoP (grey line) and the resultant movement of the CoM 

(red dashed line) during a GI trial of a healthy subject. In this trial, the left is the swing foot, i.e., 
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the foot adopted to perform the first step. At GI, the CoP moves first backwards and towards the 

swing foot (IMB). The IMB phase ends when the CoP reaches its most ML position towards the 

swing foot and corresponds approximately to the heel off of the swing limb (HOSW). The first 

displacement of the CoP generates a moment arm able to accelerate the CoM forward and 

towards the stance limb. After the HOSW, the CoP starts moving towards the stance foot, thus 

allowing the swing foot to leave the ground (UNL). The IMB and UNL phases constitute the APA 

at GI. The UNL phase terminates with the swing foot toe off (TOSW), when the CoP changes its 

direction and proceeds along the stance foot till the last frame of contact of the foot with the 

force plate, i.e., the toe off of the stance foot (TOST). .................................................................. 24 

Figure 7: Unilateral DBS implant in a parkinsonian patient. An internal pulse generator (IPG), 

generally located in the chest area and connected to the electrodes by means of extensions, 

delivers the current as specified by the stimulation parameters. Stimulation settings can be tuned 

with an external device which communicates with the IPG via transcutaneous transmission. 

Figure adapted from www.medtronic.com. ................................................................................... 40 

Figure 8: A) Example of a SPECT with FP-CIT image of a healthy subject and one patient with first-

stage PD. The striatal nuclei, with a typical comma-shape, are clearly visible in the scan of the 

healthy subject (on the left). The DAT density is similar between the two hemispheres. The 

patient’s image is instead characterized by a loss of DAT mostly involving the putamen (the tail 

of the comma) (on the right). The dopaminergic innervation is asymmetric among the two brain 

hemispheres, as expected for a patient at clinical stage 1 according to the H&Y staging system, 

with the left being more dopamine depleted. The colour code represents the estimation of the 

density of the DAT, with warmer colours indicating higher levels of FP-CIT binding. B) Sketch 

locating the Striatum and the Substantia Nigra pars compacta (in red and blue, respectively) in 

the supraspinal locomotor network. C) Schematic representation of the nigro-striatal 

dopaminergic pathway. ..................................................................................................................... 52 

Figure 9: Motion capture cameras. On the left, a BASLER camera, used at UKW for WP-4; in the 

centre, a BTS SMART-DX camera, used at UKW for WP-1; on the right, a BTS SMART-D camera, 

used at the LAMB laboratory for WP-2 and WP-3 ........................................................................... 56 

Figure 10: LAMB protocol for marker placement. Red dots: markers used for GI, standing and 

walking trials. Blue dots: markers added bilaterally for the anatomic calibration trial. During GI, 

markers were placed bilaterally in correspondence to (from the top to the bottom): the temple, 

the acromion, the lateral epicondyle, the ulnar styloid process, the anterior superior iliac spine 

(ASIS), the middle point of the thigh, the lateral condyle, the head of the fibula, the middle point 

of the shank, the lateral malleolus, the calcaneus, the fifth head of the metatarsus and the hallux. 

On the back, I placed one marker on the seventh cervical vertebra, the point of maximum 

kyphosis, the middle point of the posterior superior iliac spines (PSIS, red blurred dot in the 

figure). Only during the anatomic calibration trial, eight additional markers were placed on the 

trochanters, the medial condyles, the medial malleoli and the first metatarsal heads. The 

anatomic calibration allowed the computation of the main anthropometric parameters. ..........57 

Figure 11: Dynamometric force plates placement. The left panel shows the configuration of the 

force plates at the UKW laboratory. On the right, the setup of the dynamometric force plates at 

the LAMB. .......................................................................................................................................... 58 

Figure 12: On the left, a frame of the 3D reconstruction of the marker tracks recorded during the 

anatomic calibration trial of a subject recruited for WP-2. Notice the additional markers on medial 

positions needed for the calculation of the main AM. On the right, a video frame of a GI trial 

performed by the same patient. ...................................................................................................... 60 

Figure 13: Scheme of the experimental protocol adopted for WP-4. Patients were asked to stand 

still for about 30 seconds before the walking trial. The walking trial was performed barefoot over 
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the walkway of the lab (approximately eight meters long) at the preferred speed of the subjects. 

Postural attitude and starting foot were not standardized across trial and subjects. .................. 61 

Figure 14: On the top left, a FREEMG bipolar probe. The sensor was placed on the neck in 

correspondence to the cable connecting the implantable pulse generator and the electrodes. 

TENS stimulator electrodes were placed near the EMG probe, to allow the electrical artifact to be 

fed into both EMG and subcortical recordings. The green track represents an example of a TENS 

artifact, as recorded by the EMG probe. The artifact lasted about 5 seconds and was clearly visible 

in the EMG data stream. The sharp drop-off of the artifact was used to synchronize biomechanical 

and subcortical signals. Please refer to paragraph “LFP preprocessing” for further information on 

the synchronization process. ............................................................................................................ 62 

Figure 15: CoP pathway during a GI trial of a healthy subject. The trial was executed with the left 

foot as the swing limb. IMB and UNL phases were identified from the APA onset to the heel ff of 

the swing foot and from the heel off of the swing foot to the toe off of the swing foot, 

respectively. Numbers indicate the event sequence. ..................................................................... 63 

Figure 16: Representative CoP displacement (grey track) during APA at GI of a PSP patient. The 

trial was executed with the left foot as swing limb. APA showed severe alterations. In particular, 

IMB displacement is greatly reduced, and the CoP moves forward rather than backward during 

this phase. Numbers indicate the event sequence. ........................................................................ 64 

Figure 17: Graphical user interface for APA instants identification. The Filtering sections contains 

all the buttons needed to apply and visualize various filtering to the CoP tracks. The Time series 

section is dedicated to the identification of APA instants, providing for a manual or automatic 

detection procedure. When all instants are identified, it is possible to extract the main APA 

features (e.g., phases duration, CoP displacement and velocity etc) and also the main 

posturography measurements related to the standing (e.g., confidence ellipse) preceding the 

APA onset, thanks to the buttons GAITINI (i.e., abbreviation for “gait initiation”) and STANDING, 

respectively........................................................................................................................................ 65 

Figure 18: CoP trajectory (grey track) in the horizontal plane during the standing phase of a GI 

trial of a patient with PD. The yellow shape represents the confidence ellipse including the 95% of 

CoP points during the standing phase. The pink dot is the first point outside the confidence ellipse 

after the end of the standing phase, indicating that APA started shortly before. ........................ 66 

Figure 19: Anterior-posterior (blue solid line) and medio-lateral (red solid line) CoP velocity over 

time during APA performed by a PD patient. Two thresholds were defined during the standing 

phase separately for the anterior-posterior and medio-lateral velocity (dashed blue and red lines, 

respectively). Pink dots represent CoP velocity along the two directions at the time of exit of the 

CoP from the confidence ellipse (see Figure 18). Blue and red dots show the first points 

overcoming the pre-defined thresholds before the exit of the CoP from the confidence ellipse. 

AO was defined as the time instant corresponding to the first threshold passing (in this case, the 

red dot). ............................................................................................................................................. 67 

Figure 20: Example of ML CoP displacement over time during a GI trial of a patient with PD. After 

the identification of the AO instant, the HOsw and the TOsw were identified as the peaks of the 

absolute medio-lateral CoP displacement after AO. The pink dot represents the exit of the CoP 

from the confidence ellipse. The three instants of APA allowed the identification of the standing, 

IMB and UNL phases. ........................................................................................................................ 68 

Figure 21: On the left, the raw trajectories of CoP (blue line) and CoM (black line) displacement in 

the transversal plane during the standing phase of a GI trial executed by one healthy subject. Of 

note, the average value of the two trajectories is different but the oscillation of the two tracks is 

similar. On the right, the difference between the average values of the two tracks was subtracted 

to the CoM displacement to obtain a superimposition of the two signals.................................... 69 
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Figure 22: First step identification of a GI trial of a healthy subject. The figure shows the vertical 

displacement of the markers placed on the left lateral malleolus (pink line), left heel (red line) and 

right heel (blue line) during a GI trial (timeline cut from 30 seconds till the exit of the subject out 

of the calibration volume). The swing foot in the examined trial is the left. Pink dot: HOSW; red 

dot: heel contact of the first step (HCSW). Each step is characterized by the typical bell-shaped 

curve, which describes the swing phase of the considered step. Of note, foot clearance during 

the first step is considerably lower with respect to the subsequent steps. .................................. 70 

Figure 23: BoS parameters. Green dots represent the markers used during GI trials, blue dots are 

the additional markers placed only during the anatomic calibration trial and exploited to obtain 

BoS parameters and the anthropometric measurements (AM). BoSW was computed as the 

distance between the two ankle joint centres, considered for each foot as the middle points 

between the two malleoli. The BoSA was calculated as the pink area described by the line 

connecting the markers placed on the feet (black line). βL and βR are the left and right feet extra-

rotation angles, respectively, computed for each foot as the angle between the axis passing 

through the malleoli and the horizontal axis of the reference system of the laboratory. The BoS 

opening angle (βΔ) was obtained as the sum of these two angles. To account for eventual 

asymmetric feet placement, the difference between the two extra-rotation angles (βΔ) as well as 

the anterior-posterior distance between the markers placed on the two heels (FA) were 

considered. ......................................................................................................................................... 72 

Figure 24: Relationship between the set of parameters taken into consideration in the 

assessment of GI. The aim of each WP was to characterize how the disease/symptoms affect the 

GI. AM and BoS might play as confounding factors on the outcome measurements. The relation 

between AM and BoS in physiological and pathological conditions are still unknown and, to some 

extend unforeseeable. Green arrows: connections of interest between parameters. Red arrows: 

confounding influences across measurements. .............................................................................. 74 

Figure 25: Example of the decorrelation normalization procedure. Gray points depict the 

observations in the plane described by two variables x and y, linearly correlated to each other. 

The dashed blue line represents the linear model fitting the data. In this case, the constant c of 

the model is equal to zero. To decorrelate the outcome variable y, each point can be described as 

its distance di from the line fitting the data. This distance is not correlated with the two variables 

generating the data distribution. ..................................................................................................... 76 

Figure 26: AP velocity of the marker placed on the middle point (MX) between the two PSIS of a 

patient (blue line) during a walking trial. The black line represents the average value computed in 

the central two meters of the walking pathway (in this specific trial covered by the patient 

between 38.15 and 39.01 s). I analysed the walking period at steady-state velocity, i.e., when the 

AP velocity was inside a range defined as the average value ± two times the standard deviation 

(green lines) computed in the central portion of the walking pathway. Red circles identify the 

beginning and end of gait at steady-state velocity. ......................................................................... 77 

Figure 27: Trajectories of the markers placed on the left and right heels (red and blue lines, 

respectively). The peaks of the trajectories (red and blue circles) correspond to the maximum 

foot clearance during each swing phase and served to identify windows for the detection of left 

and right heel contacts (red and blue asterisks, respectively). ....................................................... 77 

Figure 28: AP displacement of the markers placed on the left and right halluces (red and blue line, 

respectively). For each stance phase, the toe off of the left and right foot (red and clue crosses, 

respectively) was detected as the instant between two subsequent heel contacts (asterisks) in 

which the AP coordinate increased by 1 cm with respect to the average value computed over the 

preceding stance phase. ................................................................................................................... 78 
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Figure 29: Automatic TENS artifact identification on an LFP recording. The grey line in the top 

panel shows the raw neural data recorded during a trial in the left STN of one PD patient. The red 

line displays the signal filtered around the frequency of the TENS (130 Hz) and the black crosses 

show the beginning and end points of the windows of interest, including each TENS artifact, 

identified with a threshold criterion. The bottom panels show a close-up of the first (on the left) 

and last (on the right) TENS artefact. For each identified TENS artifact, the pre-processing pipeline 

saved the last peak (blue stars) as reference point for further analysis (i.e., resampling and 

synchronization). ............................................................................................................................... 79 

Figure 30: Synchronization process. In the top panel, the z-score of the EMG (green line) and 

resampled LFP (grey line) signals recorded during a trial of one PD patient are shown with their 

respective timelines. The TENS artifacts are not aligned across the two data streams, and they 

appear before in the timeline of the LFP data stream. The LFP signal was therefore shifted 

forward a number of samples equal to the inter-TENS distance across the two signals (bottom 

panel). ................................................................................................................................................ 80 

Figure 31: Exemplificative detection of QRS peaks (red dots) related to cardiac activity on the EMG 

signal (green line) of one PD patient recorded during a trial. Of note, EMG signal was resampled 

at 400Hz to allow the location of the peaks on the LFP timeline (in the figure 400 samples 

correspond to 1 s acquisition). ........................................................................................................... 81 

Figure 32: Processing for cardiac artifact removal. Top left: the LFP signal recorded in the left STN 

of one PD patient epoched on the QRS peaks as detected by the EMG recording. ..................... 82 

Figure 33: Exemplary identification of the movement onsets of the SCoM. For each segment, 

movement onset was defined as the instant when the segment overcame a threshold based on 

the standing window preceding GI. Movement onsets are displayed as black dots in the figure. 

Latencies of SCoM movement onsets from the AO (time zero in the figure, red dashed line) were 

normalized for the total GI duration (i.e., from the AO to the toe off of the swing foot, 

corresponding to the end of the UNL phase). ................................................................................ 98 

Figure 34: Postural angles during GI. The angles describing the postural attitude of the subjects 

were evaluated in the sagittal plane in a one-second window preceding the AO. A) Schematic 

representation of the postural angles. The trunk angle (in red) was defined as the inclination of 

the vector connecting the markers placed on the 7th cervical vertebra (C7) and the middle point 

between the posterior-superior iliac spines (PSIS).  The thigh angle (in blue) corresponded to the 

angle between the line connecting the hip and knee joint centres and the vertical axis of the 

laboratory. Similarly, the shank angle (in green) was the inclination of the vector from the ankle 

to the knee joint centre. B) Movement along time in the sagittal plane of the points defining the 

postural angles during a GI trial on healthy subjects (C7 (red), PSIS (orange), the hip joint centre 

(blue), the knee joint centre (light blue), the ankle joint centre (green)). Black lines show the 

segments connecting these points over time. C) Same as B) but for a PD patient suffering from 

FoG (PDF). Initial posture is characterized by increased trunk and knee flexion. First step length 

is much shorter than in HC. ............................................................................................................... 99 

Figure 35: LFP features for the STN- (in black) and STN+ (in grey) during standing (circles) and 

walking (triangles) of each patient. P-values resulting from the comparison between the two 

conditions (i.e., stand and walk, Wilcoxon signed rank test) were significant only for the fPEAK of 

STN- and for PWF of both hemispheres. ......................................................................................... 123 
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12.2. List of tables 

 

Table 1: List of papers on GI of healthy subjects (HC) from 1966 till 2021. Papers were identified by 

means of a search of Google Scholar using the following key word combination: [gait initiation] 

and [healthy]. All abstracts were inspected to exclude papers including children and/or patients. 

For each identified paper, the table reports the devices and main outcome variables used to 

explore gait initiation in terms of muscular activity (EMG), dynamometric measurements (DYN), 
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in the studies and their age. Age is expressed as (min-max) or (mean± std) -unless otherwise 
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imbalance, unloading, and stepping phase. .....................................................................................73 
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Table 5: List of GI measurements not dependent from the BoS in all groups. Data are shown as 

mean (standard deviation) before the decorrelation normalization process for sake of data 
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stance foot for the IMB and UNL phase, respectively. For both IMB and UNL, the AP displacement 
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please refer to Table 3.  a HC vs. PDNF, b HC vs. PDF, c PDNF vs. PDF, Dunn’s test, p-value<0.05 

adjusted with Bonferroni correction for multiple comparisons. ................................................... 102 

Table 9: Movement onset of each SCoM from the AO expressed as percentage of the total GI 
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adjusted with Bonferroni correction for multiple comparisons). ................................................. 103 
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of the analysed angles. a HC vs. PDNF, b HC vs. PDF, c PDNF vs. PDF, Dunn’s test, p-value<0.05 

adjusted with Bonferroni correction for multiple comparisons. ................................................... 104 

Table 11: Only significant correlations between postural angles and GI measurements are shown 

(partial correlation analysis, Spearman’s ρ, p-value<0.05). No prediction was significant after 
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Bonferroni correction for multiple comparisons. Please refer to Table 3 for a detailed description 

of all GI variables. ............................................................................................................................. 104 

Table 12: Demographic, clinical, AM and BoS data of the recruited subjects. Data are shown as 

mean (standard deviation). No statistical differences were found across the two groups (p<0.05, 

Wilcoxon test for all variables except for gender, compared with Pearson's chi-squared test). 110 

Table 13: List of GI measurements not dependent from the BoS in all groups. Data are shown as 

mean (standard deviation) before the decorrelation normalization process for sake of data 

intelligibility. ML displacement was defined positive towards the swing foot and towards the 
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please refer to Table 3. *: significant p values after Bonferroni correction for multiple 
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Table 14: Clinical and biomechanical correlations with FDG PET findings. Only significant 

correlations are shown (Spearman’s ρ correlation, p<0.05, uncorrected). For a detailed 
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Table 15: Demographic and clinical data of the recruited patients. Each subject is indicated with 

an anonymization code. All patients benefited from the DBS implant as shown by the decrease of 

the LEDD and improvement of the UPDRS-III score in the post-operative evaluation. ................ 121 

Table 16: AM parameters for each subject and the two groups (PD and HC). Data are shown as 

mean or mean (standard deviation) as appropriate. No significant differences were found 

(p<0.05, Steel-Dwass all pairs). ........................................................................................................ 121 

Table 17: Gait cycle parameters for each subject and the two groups (PD and HC). Gait cycle 

parameters were averaged across strides. Data are shown as mean (standard deviation). *: 

p<0.05, Steel-Dwass all pairs. .......................................................................................................... 122 

Table 18: Neuroimaging findings. Values are shown as mean (standard deviation) and refer to the 

non-displaceable binding potential (BPND) of dopamine reuptake transporters (DAT) at the level 
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12.3. List of abbreviations 

 

aDBS  adaptive DBS 

AM  anthropometric measurements 

AO  APA onset 

AOCoPD  distance between CoP and heels at AO 

AP  anterior-posterior 

APA  anticipatory postural adjustments  

ASIS  anterior superior iliac spine 

AUC  area under the ROC curve 

BM  body mass 

BMI  body mass index 

BoS base of support 

BoSA  BoS area 

BoSW  BoS width 

BP  DAT non-displaceable binding potential 

BW body weight 

CLR  cerebellar locomotor region 

CN  cuneiform nucleus 

CoM centre of mass 

CoP centre of pressure 

CP  Centro Parkinson, ASST G.Pini-CTO 

CPGs  central pattern generators 

D1-R  D1-receptor 

D2-R  D2-receptor 

D3-R  D3-receptor 

DAT  dopamine reuptake transporters 

DBS  deep brain stimulation 

DLPFC  dorso-lateral prefrontal cortex 

DTBZ  [11C]dihydrotetrabenazine 

ECoG  electrocorticography 

EEG  electroencephalography 

EG  electrogoniometers  

EMG  electromyography 

ERD  extended event-related desynchronization 

ERS  extended event-related synchronization 

FA  foot alignment 

FDG  18F-labelled fluorodeoxyglucose  

F-Dopa  6-[18F]-fluoro-L-dopa 

FDR  false discovery rate 

FEW  family-wise corrected 

FL  foot length 

fMIF  maximally informative frequency 

fNIRS  functional near-infrared spectroscopy 

FoG freezing of gait 

FP-CIT  [123I]-N-ω-fluoropropyl-2β-carbomethoxy-3-(4-

iodophenyl)nortropane 



176 
 

fPEAK  frequency peak 

GI  gait initiation 

GPe  globus pallidus externum 

GPi  globus pallidus internus 

GRF  ground reaction force 

GUI  graphical user interface 

H  hemisphere 

H&Y  Hoehn & Yahr 

HC  healthy controls 

HO  heel off 

HOCoPD  distance between CoP and heels at HO 

IAD  inter-ASIS distance 

IMB  imbalance 

IMBAV  IMB average velocity 

IMBCoMA  CoM acceleration at the end of IMB/UNL/TO 

IMBCoMV  CoM velocity at the end of IMB/UNL/TO 

IMBCoPCoM  distance between CoP and CoM at the end of IMB/UNL 

IMBD  IMB displacement 

IMBMV  IMB maximal velocity 

IMBSLOPE  slope of the vector connecting CoP and CoM at the end of IMB 

IMBT IMB duration 

IPG internal pulse generator 

JMU Julius-Maximilians-Universität Würzburg 

LAMB  laboratorio di analisi del movimento nel bambino 

LEDD  Levodopa equivalent daily dose 

LFP  local field potentials 

LL  limb length 

M1  primary motor cortex  

ML  medio-lateral 

MLR  mesencephalic locomotor region 

MRN  mesencephalic reticular nucleus 

PBETA  power over the beta band  

PD  Parkinson’s disease 

PET  positron emission tomography 

PMRF  medullary and pontine reticular formations 

POLIMI  Politecnico di Milano 

PPN  pedunculopontine nucleus 

PSD  power spectral density 

PSF  power around the standing frequency peak 

PSIS  posterior superior iliac spine 

PSP  progressive supranuclear palsy 

PSP-C  PSP with predominant cerebellar ataxia 

PSP-CBS  corticobasal syndrome 

PSPCDS PSP clinical deficits scale 

PSP-F  PSP with predominant frontal presentation 

PSP-P  predominant parkinsonism 

PSP-PGF  PSP with progressive gait freezing 

PSP‐QoL  PSP‐quality of life scale 
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PSPRS  PSP rating scale 

PSP-RS  Steele-Richardson-Olszewski PSP syndrome 

PSP-SL  PSP with predominant speech or language disorder 

PT  Panzeri-Treves bias correction 

PWF  power around the walking frequency peak 

ROC  receiver operating characteristic 

ROI  region of interest 

SAV  first step average velocity 

SCoM  segmental CoM 

SL  first step length 

SLR  subthalamic locomotor region 

SMA  supplementary motor area 

SMV  first step maximal velocity 

SNc  substantia nigra pars compacta 

SNr  substantia nigra pars reticulata 

SPECT  single-photon emission computed tomography 

ST  stance 

STEND  end of the standing phase 

STN  subthalamic nucleus 

SUVR  standardized uptake value ratio 

SW  swing 

TENS  transcutaneous electrical nerve stimulator 

TO  toe off 

UK  United Kingdom 

UKW  University Hospital of Würzburg 

UNIMI  Università degli Studi di Milano 

UNL  unloading 

UNLAV  UNL average velocity 

UNLCoMA  CoM acceleration at the end of UNL 

UNLCoMV  CoM velocity at the end of UNL 

UNLCoPCoM  distance between CoP and CoM at the end of UNL 

UNLD  UNL displacement 

UNLMV  UNL maximal velocity 

UNLSLOPE  slope of the vector connecting CoP and CoM at the end of UNL 

UNLT  UNL duration 

UPDRS-III  unified Parkinson’s disease rating scale 

VA  virtual agent 

  



178 
 

12.4.Curriculum Vitae 



179 
 



180 
 



181 
 



182 
 



183 
 




