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Abstract 

 

Parkinson’s disease (PD) is the second most common neurodegenerative after Alzheimer’s 

disease. A large percentage of PD patients ranging from 81% go on to develop freezing of 

gait (FOG), which is the inability to take steps forward despite the intension to do so. This 

phenomenon has led to more frequent falls and the loss of independence, which often results 

in increased admissions to nursing homes, and overall, a reduced quality of life.  

 

The pathophysiological mechanisms underlying FOG remain incomplete due to the 

complexity of this symptom, and the paroxysmal nature making this symptom challenging to 

elicit and study in clinical settings. However, recent advancements in virtual reality (VR) 

have enabled immersive virtual environments that could reliably trigger freezing of gait. 

These environments include salient features such as narrow corridors and increased cognitive 

load during dual tasking. More recently, panic attacks were observed prior to and during 

FOG episodes, and threatening conditions created in VR using a threat paradigm revealed 

anxiety as a causal factor of FOG, yet this relationship between anxiety and FOG remains 

understudied. Hence, the overarching aim of the thesis is to investigate the relationship 

between anxiety and freezing of gait, to extend current research on this topic and produce 

findings that could facilitate more adequate treatment methods for this symptom.   

 

VR paradigms have been used in conjunction with neuroimaging, where foot pedals were 

used to track gait patterns and examine freezing of gait in various conditions. However, only 

one study has manipulated anxiety levels to induce freezing of gait in an actual walking VR 

paradigm, where threat was controlled through different heights of planks in a virtual 

environment. The first study in this thesis would replicate previous findings and validate the 
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seated functional MRI compatible version of the walking threat paradigm. This would enable 

future studies to examine the neural correlates behind anxiety induced freezing of gait 

utilising techniques such as functional neuroimaging (e.g., fMRI). 

 

Physiotherapy is a commonly used crucial treatment method for FOG, whereby sensory cues 

have been found to improve gait and alleviate FOG in PD patients. Yet, their effectiveness in 

stressful situations remains unclear. Given that attention tends to be biased towards 

threatening stimuli, and the limited attentional capacity of Freezers could be consumed by 

anxiety processing, it could be postulated that Freezers may be unable to use sensory 

feedback for gait in these situations. The third chapter of the thesis utilised the VR walking 

threat paradigm to investigate the effect of anxiety on the utilisation of body-related visual 

feedback in the form of an avatar in the virtual environment to improve FOG.  

 

Dopaminergic medication is the most prescribed drug for FOG, and it partially alleviates 

freezing in the majority of patients. However, the heterogeneity in dopaminergic 

responsiveness remains problematic in treatment of the symptom. Recent findings have 

observed a dysfunctional fronto-striato-limbic circuitry at rest in PD Freezers compared to 

non-Freezers in the ‘OFF’ dopaminergic state. Also, studies on dopaminergic medication 

indicated that the medication alters functional brain organisation. Hence, the fourth chapter of 

this thesis examined the effects of Levodopa on the fronto-striato-limbic circuitry in PD 

Freezers at rest in their ‘ON’ and ‘OFF’ dopaminergic state. 

 

The findings obtained complement previous studies and suggests that anxiety triggers 

freezing of gait. Importantly, the VR seated threat paradigm is an adequate behavioural 

surrogate for the VR walking threat paradigm, where it could elicit comparable amounts of 

anxiety and freezing of gait as the walking version. This enabled a follow-up study (included 
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in the appendix) to utilise this paradigm in the scanner, to examine the neural correlates 

behind anxiety induced freezing of gait. As the seated VR paradigm has no risk of falls, it 

offers a safe alternative to walking. Therefore, these findings have implications for future 

research using EEG, DBS and even VR training for anxiety and FOG. Results from study 2 

indicated that anxiety interferes with the utilisation of sensory feedback to improve FOG, 

where in highly threatening situations Freezers lack the capacity to process visual feedback 

for gait. Future studies could direct their focus on treatment of anxiety and investigate 

whether anxiety reductions could improve the utilisation of sensory feedback in high threat 

situations. In the final study of this thesis, dopaminergic medication was also found to 

partially modulate the frontoparietal-limbic-striatal circuitry in PD Freezers, where baseline 

anxiety levels influence the impact of Levodopa on the frontoparietal (FPN)- limbic 

connectivity, and the FPN-putamen connectivity. These findings support the existence of 

subtypes in levodopa responsiveness in PD Freezers and have implications on future studies 

to investigate the effect of dopaminergic medication on Freezers with other subtypes of 

freezing and the impact of other neuro-modulatory systems on the fronto-striato-limbic 

circuity in Freezers. 

 

In conclusion, the current thesis suggests that anxiety contributes to freezing of gait, which 

may present a barrier to treatment and could be a key factor in the heterogeneity observed in 

response to medication and sensory cueing. Hence, future therapeutic interventions could 

target freezing of gait related anxiety to improve treatment outcomes.  
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Chapter 1 

1.1 Introduction  

1.1.1. Overview of Parkinson’s Disease 

Clinical and Pathological Features 

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting 1-

3% of the population aged 65 and above (Poewe et al., 2017). It is the fastest growing 

neurological disorder in terms of death, disability and prevalence, and the leading cause of 

disability worldwide (Dorsey et al., 2018). The number of people with Parkinson’s disease 

grew significantly from 1.5 million in 1990 to 6.1 million in 2016 and has been projected to 

increase substantially in the future due to an aging population and increases in life 

expectancy rates (Dorsey et al., 2018; Wanneveich et al., 2018). Motor, psychosocial 

dysfunctions and psychiatric comorbidities of Parkinson’s disease for instance, freezing of 

gait, depression, cognitive decline and sleep disturbances negatively affects the quality of life 

of the patient (Happe & Berger, 2001; Karlsen et al., 1999; Schrag et al., 2000; Zhao et al., 

2021). 

 

PD is a progressive neurodegenerative disease that represents a combination of clinical and 

pathological syndromes.  The clinical syndrome is characterised by its cardinal motor 

symptoms of bradykinesia, resting tremor and muscular rigidity with a loss of postural 

reflexes with progression (Martin & Teismann, 2009). This parkinsonian phenotype is 

typically levodopa-responsive, which reflects the neuropathological changes underpinning 

the disease. The neuropathology usually demonstrates intracellular Lewy bodies composed of 

α-synuclein protein, accompanied by dopaminergic neuronal loss predominantly in the 

substantia nigra pars compacta (Berg et al., 2014). The loss of dopaminergic neurons in the 

substantia nigra pars compacta that projects to the striatum (DeMaagd & Philip, 2015), 
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particularly across the putamen, contributes to the clinical motor phenotype (Hughes et al., 

1992). Along with this nigrostriatal pathology,  dopaminergic loss across mesolimbic and 

mesocortical pathways also contributes to the development of symptoms in PD (Redenšek et 

al., 2019). Dopaminergic projections from these pathways arise from the ventral 

mesencephalon and project to limbic (mesolimbic) and cortical (mesocortical) structures that 

facilitate non-motor functions such as cognition, reward-seeking and mood , Yokochi, 2007).  

 

Organisation of the Basal Ganglia 

The basal ganglia (BG) are functionally connected to the cortex, thalamus, brainstem and 

limbic structures (Kelley et al., 1982; Rowe & Rittman, 2016). The intrinsic model of basal 

ganglia loops involves cortical projections to the input region (striatum), the information then 

converges on the output regions (GPi and SNr) through the direct or indirect pathway 

(passing through the GPe and STN).  Finally, the output regions project back to the cortex 

completing the cortico-basal-ganglia-thalamo-cortical loop (Albin et al., 1989). These BG 

loops can be categorised into three different components, the input, output and intrinsic 

nuclei, and they are primarily involved in the selection and implementation of focused 

actions in response to internal and external cues (Simonyan, 2019). 

 

The striatum is the main input area of the basal ganglia (BG), receiving afferents from many 

regions of the cerebral cortex (Albin et al., 1989; Obeso et al., 2000). It is composed of the 

caudate nucleus, putamen and nucleus accumbens (Galvan et al., 2015). These regions of the 

BG are functionally subdivided into motor, limbic and associative loops that are determined 

based on their relationship with the cortical projections to these regions and the engagement 

of these areas (Lanciego et al., 2012). The striatum is mainly populated with spiny projection 

neurons and uses γ-amino-butyric acid (GABA) as a neurotransmitter (Kemp & Powell, 
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1971; Kita & Kitai, 1988). Neural input to the striatum is mostly excitatory, and these regions 

mainly project to the globus pallidus and SNr (Blandini et al., 2000). Due to parallel 

pathways from the limbic, motor, sensory and associative cortices passing through striatal 

regions, the striatum is key to developing goal-directed behaviours and regulates a wide 

range of neurological functions that include movement, cognition and affect (Alexander et 

al., 1986; S. Y. Chen et al., 2020; Haber, 2016). The striatum is typically categorised into two 

main regions. The dorsal striatum is more involved in regulating movement and cognition 

and consists of the caudate nucleus, which receives input from mainly from the DLPFC, and 

the putamen, which receives projections from primary motor and sensory regions (Dong et 

al., 2021). The ventral striatum comprises the nucleus accumbens, ventromedial portions of 

the caudate and putamen, olfactory tubercle, and the anterior perforated substance.  Receiving 

input from the prefrontal, temporal and limbic lobes, the ventral striatum is more involved in 

modulating reward, emotion and motivation, (Dong et al., 2021; Haber, 2016; Haber & 

McFarland, 1999). 

 

The main output regions of the BG are the internal segment of the global pallidus internal 

(GPi) and the substantia nigra pars reticulata (SNr), which project heavily to the thalamus and 

modulate activity across cortical regions, as well as the brainstem (Albin et al., 1989; Obeso 

et al., 2000). Both regions have specific roles, where the GPi functions as an integration hub 

for signals from cortical regions projected from the striatum (Bolam et al., 2000; Percheron et 

al., 1984). While the SNr has more of a transmission role, where it sends information back to 

the striatum, or to other output structures, such as the thalamus, superior colliculus and brain 

stem (Velíšková & Moshé, 2006). These regions mainly use GABA as a neurotransmitter to 

inhibit their target, and the GABAergic and glutamatergic input they receive innervates the 

brainstem and thalamus (Lanciego et al., 2012). 
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The intrinsic nuclei, including the STN, GPe and SNc, function as a relay for information 

(Lanciego et al., 2012). Distinctly different from the GPi, both the GPe and SNc regions are 

vital in the modulation of information flow through the BG, by projecting back to the 

striatum to modulate striatal neuron activity, and together with the STN, the GPe sends 

output signals to the cerebral cortex through the thalamus (Bolam et al., 2000; Percheron et 

al., 1984). Studies have established that the STN has a key role in motor functioning, leading 

to its frequent selection as a site for deep brain stimulation (DBS) (Krack et al., 2019). 

 

Input, output, and intrinsic regions of the BG operate through the direct and indirect 

pathways, which are modulated by dopaminergic receptors.  It has been suggested that an 

imbalance between these pathways, accounts for the bradykinesia observed in PD (Albin et 

al., 1989; Obeso et al., 2000). Regulation across the direct and indirect pathways are 

regulated by D1(excitatory) and D2 (inhibitory) dopaminergic receptors, respectively 

(Benarroch, 2016)(Benarroch, 2016). In the direct pathway, the medium spiny neurons 

(MSNs) send inhibitory projections from the striatum to the GPi internal segment and the 

SNr using the neurotransmitter γ-aminobutyric acid (GABA) (Benarroch, 2016). This effect 

promotes action initiation by reducing inhibitory GPi/SNr output on the thalamocortical and 

brainstem motor pattern generators (Benarroch, 2016). In contrast, in the indirect pathway the 

MSNs project to the external segment of the globus pallidus (GPe), resulting in suppression 

of action through the disinhibition of the subthalamic nucleus (STN) and leading to increased 

GPi/SNr output. In contemporary models, there is another pathway known as the hyper-direct 

pathway that bypasses the striatum by projecting directly from the frontal cortex to the 

subthalamic nucleus, hence sending outputs via the striatum’s direct pathway to the GPi to 

provide rapid inhibition for action suppression (Nambu et al., 2002).  In Parkinson’s disease, 
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the coordination between these pathways is compromised due to dopaminergic cell loss, 

which in turn leads to decreased disinhibition through the direct pathway and increased 

inhibition by the indirect and hyper-direct pathways impacting the control of movement. 

 

In addition, the role of the basal ganglia involves integrating diverse inputs from across the 

cerebral cortex (Alexander et al., 1986), in the functionally segregated motor, oculomotor, 

associative and limbic loops that modulate coordinated motor, cognitive and limbic functions 

(Alexander et al., 1986; Obeso et al., 2000; Albin et al., 1989). The progressive degeneration 

of dopaminergic neurons results in the loss of dopaminergic innervation and induces 

abnormality in synchronised oscillatory activity, leading to motor deficits and some of the 

other non-motor symptoms of Parkinson’s (Hammond et al., 2007).  

 

Neuropathological processes 

Some alternative models that could explain disease progression and non-motor symptoms 

preceding motor features of PD have emerged in recent years, one of them is prion-like 

mechanism in Parkinson’s disease. Prions are infectious agents involved in the transmissible 

spongiform encephalopathies (TSEs), a cluster of lethal neurodegenerative diseases (Le et al., 

2015). The development of PD has been attributed to the abnormal aggregation of alpha-

synuclein protein and it has been postulated that this abnormal protein could propagate to 

anatomically interconnected brain regions in a ‘prion-like’ manner (Braak et al., 2004).This 

could eventually lead to the degeneration of neurons in the striatum and substantia nigra (Ma 

et al., 2019; Recasens & Dehay, 2014).  

 

The body-first versus brain-first model essentially builds on the prion hypothesis and 

suggests that in some patients the first a-synuclein pathology develops in the enteric or 
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peripheral autonomic nervous system from where it propagates to the central nervous system 

(CNS) via the vagus nerve and a sympathetic multiplying pathway to the sympathetic trunk 

and heart. (Borghammer & Van Den Berge, 2019; Horsager et al., 2020). However, in other 

patients it is proposed that the first pathology emerges in regions within the CNS from where 

it propagates to the lower brain stem and peripheral automatic nervous system (Borghammer 

& Van Den Berge, 2019; Horsager et al., 2020). The most probable first locations of 

abnormal a-synuclein were hypothesised to be the amygdala, followed by the substantia nigra 

(SN) and then the locus coeruleus (LC) (Borghammer & Van Den Berge, 2019; Horsager et 

al., 2020). This model supports studies that have shown certain non-motor symptoms may 

precede PD motor symptoms (Horsager et al., 2020). As anxiety and panic disorder have 

been associated with the locus coeruleus and noradrenergic dysfunctions in PD patients, this 

also shows that early pathological processes in PD could involve non-dopaminergic systems 

(Tan, 2012).  Furthermore dysfunctions in the locus coeruleus have been linked to motor 

symptoms such as motor fluctuations (Sandyk, 1989) and tremor (Yamazaki et al., 1979), 

suggesting that there could be an interplay between motor and NMS of PD.  

 

Motor Symptoms in PD 

It has been widely suggested that the motor symptoms in PD are largely due to dopamine 

deficiency in the basal ganglia circuits, especially across the motor loop, which has the most 

severe dopaminergic denervation (Galvan & Wichmann, 2008; Hamani & Lozano, 2006).  

Previous positron emission tomography (PET) work has shown that in PD patients, the 

measure of dopamine terminal functionality, Flourodopa F18 ( F-DOPA) uptake ratios in the 

putamen and caudate reflected with disease severity (Loane & Politis, 2011; Otsuka et al., 

1996). These decreases in F-DOPA uptake correlated with the degree of bradykinesia and 

rigidity but were not associated with tremor (Loane & Politis, 2011; Otsuka et al., 1996), 
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suggesting that tremor may be related to non-dopaminergic neurotransmitters (Otsuka et al., 

1996). Indeed, other PET work utilising 5-HT1A receptors to investigate the integrity of the 

serotonergic system has found that binding of this receptor in the midbrain of PD patients 

was reduced compared to controls and was correlated with tremor scores but not bradykinesia 

and rigidity scores (Doder et al., 2003).   

 

Another motor feature of PD that becomes more evident with disease progression is freezing 

of gait (FOG). This symptom does not correlate with dopamine levels, although patients tend 

to experience more FOG in the OFF-medication state. It is noteworthy that Freezers can also 

be non-responsive to dopaminergic medication and in rare instances, freezing has even been 

seen to be worsened with dopaminergic medication (Perez Parra et al., 2020). Additionally, 

apart from motor features, FOG has also been found to be associated with non-motor features 

such as anxiety and cognitive functioning (Ehgoetz Martens, Shine, et al., 2018) and this 

could suggest the involvement of other neurotransmitters apart from dopamine.  

 

Motor Complications in PD 

The prolonged use of levodopa for dopamine replacement therapy (DRT) is known to lead to 

the emergence of motor complications, which manifest as ‘wearing off’ (periods where 

patients feel undertreated) and dyskinesia (Jenner, 2013), where excessive involuntary 

movement interferes with motor control (Jankovic, 2005). A review of 74 publications 

between 1996 to 2000 found that after 4 to 6 years of levodopa therapy, an estimated 40% of 

PD patients exhibited fluctuations and dyskinesias (Ahlskog & Muenter, 2001). These 

symptoms occur more often with increased severity of PD, disease duration, dose and 

duration of levodopa exposure (Schrag & Quinn, 2000). The wearing-off symptom is 

associated with the degree of degeneration of striatal dopamine neurons as the disease 
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progresses (Stocchi et al., 2010). This leads to a reduction in the ability of presynaptic storage 

and diminished buffering in the plasma concentration of striatal dopamine (Stocchi et al., 

2010). The appearance of dyskinesia in PD is believed to be related to the pulsatile 

stimulation of postsynaptic receptions caused by the fluctuating levels of levodopa, which in 

turn leads to alterations of genetic expression resulting in modification of the striatal output 

(Bibbiani et al., 2005). The process in which dyskinesia is generated mainly involves the 

overactivity of the direct striatal output pathway, and this pathway forms a direct connection 

with GABAergic receptors where the striatum inhibits output regions of the basal ganglia 

(Fabbrini et al., 2007). With this in mind, the direct pathway is regulated by multiple 

neurotransmitters and a prominent one would be glutamate receptors that includes N-methyl-

D-aspartate (NMDA), AMPA and metabotropic (mGluR) receptors (Konitsiotis et al., 2000). 

These glutamatergic projections on to the cortico-striatal pathway produce an overwhelming 

excitatory influence on the direct pathway (Chase et al., 2003). In which, glutamatergic 

transmission is likely to become dysfunctional due to cascades of intracellular signalling 

change in the phosphorylation status of glutamate receptors and proteins that interact with 

them, this eventually leads to disrupted signalling and subcellular distribution of glutamate 

receptors (Brotchie, 2005). These notions were supported by post-mortem findings in PD 

patients that were administered levodopa, increased GABA (A) receptors were observed in 

the internal globus pallidus in patients with dyskinesia compared to those without (Calon et 

al., 2003). Furthermore, amantadine an NMDA glutamate receptor antagonist has been found 

to have improved dyskinesia, and this could be due to the drug attenuating the glutamatergic 

drive to the direct pathway (Fabbrini et al., 2007). Hence, the mechanisms behind these 

levodopa-induced symptoms do not support a pure dopamine explanation in the 

pathophysiology of PD and suggest the presence of alternative physiological processes.  For 
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this reason, it has also been postulated that dyskinesia arises from an overactivity of the 

glutamatergic systems within the BG (Chase et al., 2003). 

 

Non-motor symptoms in PD 

It has been well documented that PD is a multisystem neurodegenerative disorder that can 

manifest with a wide range of non-motor systems including cognitive impairments, olfactory 

disturbances, sleep disorders, apathy, depression and anxiety that involve a variety of 

different neurotransmitters, aside from dopamine (Chaudhuri et al., 2006).  Biochemical and 

post-mortem studies have shown that compared to controls, PD patients have decreased 

serotonin levels in the caudate and putamen (Kish, 2003; Wilson et al., 1996), hippocampus 

and frontal cortex (Scatton et al., 1983).  In addition, PET work demonstrated a role for the 

serotoninergic system in common non-motor PD symptoms like mood and sleep disturbances 

(Kish, 2003; Meyer et al., 2001).  

 

Non-motor symptoms (NMS) are highly prevalent and some studies have shown that at least 

one NMS was present in all PD patients  (Kim et al., 2013; Krishnan et al., 2011). Another 

study which interviewed over 1,000 PD patients found that 98% of PD patients reported 

NMS, with an average number of 7 to 8 NMS (Barone et al., 2009). Some NMS correspond 

to disease progression, and these symptoms worsen as the disease progresses (Barone et al., 

2009). However, other NMS (e.g RBD, anxiety) have been shown to pre-date motor features 

of PD, and do not deteriorate in a linear manner with disease duration (Claassen et al., 2010; 

Jacob et al., 2010). 

 

Cognitive impairment is a common non-motor feature of PD and several longitudinal studies 

have reported that the majority of PD patients go on to develop dementia (Aarsland et al., 
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2003; Buter et al., 2008; Hely et al., 2008). Mild cognitive impairment is defined as a 

transitional state that lies between normal cognition and dementia (Petersen et al., 1999), and 

in PD it is a common symptom that is a significant predictor of the subsequent development 

of dementia (Williams-Gray et al., 2007). It has been reported to be present in 25-50% of PD 

patients and is also often present during PD diagnosis (Aarsland et al., 2010; Foltynie et al., 

2004; Muslimovic et al., 2005).  

 

This cognitive deterioration tracks disease progression.  One study of 901 non-demented 

patients who had their cognition evaluated longitudinally with a mean follow up interval of 

29 months demonstrated widespread decline across diverse aspects of cognition (i.e., global 

cognitive ability, memory and visual spatial abilities) (Muslimović et al., 2007). Another 5 

year follow-up study showed that PD patients exhibited worsened psychomotor speed, 

memory, attention and executive functioning over time (Broeders et al., 2013).  

 

Parkinson’s disease psychosis (PDP) includes psychotic symptoms such as visual 

hallucinations and delusions (Aarsland et al., 1999). It is associated with high mortality rates, 

longer stays at nursing homes and increased caregiver stress, rendering it one of the most 

debilitating NMS of PD (Aarsland et al., 2007; Fénelon & Alves, 2010). PDP was found to 

be associated with disease duration and H&Y stage, where it corresponds to disease 

progression (Munhoz et al., 2013).  

 

Mood disorders including depression, anxiety and apathy are one of the most common NMS 

in PD (Tan, 2012). Depressive symptoms have a prevalence rate of approximately 35% 

(Reijnders et al., 2008) and anxiety has been reported in up to 40% of patients (Richard, 

2005). Both symptoms may precede motor symptoms by several years making it difficult to 
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relate their pathophysiology to purely dopaminergic processes, although increasing 

symptoms may be seen with disease progression. Thus mood disorders could involve 

interactions between multiple system deficits (Tan, 2012), and post mortem imaging studies 

have revealed that pathology in noradrenergic and serotonergic regions like the locus 

coeruleus and raphe nuclei are associated with the development of depression, and can be 

affected early in the course of the disease (Braak et al., 2004; Paulus & Jellinger, 1991). 

Interestingly, PD patients have a different anxiety profile compared to healthy individuals, 

where the most common anxiety subtype is generalised anxiety disorder.  In contrast, PD 

patients regularly experienced situational panic or anxiety symptoms related to the effects of 

PD such as motor fluctuations (Pontone et al., 2009; Witjas et al., 2002), or phobic avoidance 

associated with being afraid of experiencing OFF-period or freezing symptoms (Pontone et 

al., 2009).  The relationship between PD anxiety and other motor symptoms could form a 

vicious cycle where symptoms of one could trigger and worsen the other, for instance, 

anticipation of motor symptoms could trigger anxiety and this could then exacerbate motor 

symptoms (Lutz et al., 2016). For example, anxiety was found to be associated with tremor in 

PD (Upneja et al., 2021). In a simulated public speaking study of 15 participants conducted to 

induce anxiety, PD patients experienced worsened tremors when higher levels of anxiety 

were reported (Chagas et al., 2017). Interestingly, the locus coeruleus and cerebellum are 

associated with mood and anxiety in PD and have both been found to be associated with 

mechanisms of tremor in PD (Puschmann & Wszolek, 2011). Anxiety has also been found to 

trigger other motor symptoms of PD, such as FOG (Ehgoetz Martens et al., 2014), where 

panic attacks were found to be more common in PD Freezers compared to non-Freezers 

(Lieberman, 2006b). 
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Sleep disturbances account for the second most reported non-motor symptoms in PD patients, 

and have been found to affect approximately 64% of patients (Barone et al., 2009). The most 

frequent complaint is that of chronic insomnia with a prevalence between 27 to 80% in PD 

patients (Ylikoski et al., 2015). This symptom is defined as difficulties in falling asleep, 

maintaining sleep or waking up earlier than the intended timing (Sateia, 2014). Another 

common problem in PD is excessive daytime sleepiness (EDS), it affects 21-76% of patients 

with PD (Falup-Pecurariu & Diaconu, 2017; Hobson et al., 2002; Loddo et al., 2017). This 

EDS is defined by the inability to maintain wakefulness and alertness during the day and 

leads to periods of an uncontrollable need for sleep with some unplanned lapses into sleep or 

drowsiness (Sateia, 2014). Therefore, EDS is a major health hazard, as the sudden onset of 

sleep when driving could lead to serious implications (Hobson et al., 2002). Wakefulness is 

sustained through the activation of the cerebral forebrain through the ascending reticular 

activating system and other pathways(Wallace et al., 2020). Disruptions to these pathways 

would lead to daytime sleepiness and reduction in homeostatic sleep drive at night (Wallace 

et al., 2020). In PD patients, it is believed that neurodegeneration occurs in some of the 

ascending arousal systems controlling neurotransmission across nuclei, such as the 

noradrenergic locus coeruleus, serotonergic dorsal raphe nucleus and dopaminergic regions 

(Shen et al., 2018). As the progression of PD could coincide with the degeneration of neurons 

that controls wakefulness and REM sleep, it could lead to insomnia and a range of other sleep 

disturbances (Bliwise et al., 2013; French & Muthusamy, 2016; Sulzer & Surmeier, 2013). 

Dysfunction of the circadian rhythm caused by dopaminergic medication and 

neurodegeneration can also lead to EDS and insomnia (Fifel, 2017). PD patients receiving 

dopaminergic therapy show several circadian abnormalities, such as blunted melatonin 

secretion (Bolitho et al., 2014; Videnovic et al., 2014). Furthermore, studies have also shown 

that dopaminergic medication can cause somnolence in PD patients (Comella, 2002; 
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Parkinson Study Group, 2000). Rapid eye movement (REM) sleep behaviour disorder (RBD) 

is another sleep disturbance that is often reported by patients with PD and it occurs in up to 

40% of patients (Poryazova et al., 2013). It is a parasomnia characterised by the loss of 

normal skeletal muscle atonia during REM sleep, leading to recurrent dream enactment 

(Boeve et al., 2007). Some studies have shown that RBD can precede the onset of PD by 

many years and is regarded as a strong biomarker for predicting the condition (Iranzo et al., 

2006; Postuma et al., 2019; Schenck et al., 1996). The pathophysiology of RBD is not well 

understood and some work has shown its association with non-dopaminergic pathology with 

PET imaging highlighting dysfunctions in cholinergic, noradrenergic and dopaminergic 

pathways (Knudsen et al., 2018).  

 

Dysautonomia is a form of NMS that is regularly reported in PD patients, and it involves 

dysfunctions in the autonomic nervous system, manifesting with disturbances in bowel habit, 

bladder function and blood pressure regulation (Goldstein, 2014; Goldstein et al., 2002).  

Constipation is a very common form of dysautonomia in PD and has been found to often 

manifest prior to the presence of motor features of PD (Stocchi & Torti, 2017). One study 

that spanned over 24 years, found that people with constipation were three times more likely 

to develop PD approximately 12 years after the initial onset (Abbott et al., 2001). Other 

studies also found that increased bowel movements (X. Gao et al., 2011) and increased 

severity of this NMS showed an increased risk of developing PD (Lin et al., 2014). 

Constipation involves mechanisms other than dopamine such as the involvement of nitric 

oxide (NO), an inhibitory neurotransmitter that regulates the colon (Shah et al., 2004; Xu et 

al., 2022), where deficient production during pathological states could affect intestinal 

transportation (Stark et al., 1993). Pathology in cholinergic neurons that are also involved in 

PD, could also reduce colonic activity (Fornai et al., 2016) leading to constipation (Fidalgo et 
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al., 2018). Bladder disturbances including urinary urgency or increased frequency have also 

been regularly reported in PD patients, affecting 55 to 80% of people with PD (Sakakibara et 

al., 2008). In particular, lower urinary tract symptoms (LUT) such as nocturia, which has 

been estimated to be present in approximately 75% of PD patients (Sakakibara et al., 2008). 

The brain pathology that occurs in PD may lead to bladder dysfunction through an altered 

dopamine basal ganglia-frontal circuit that acts as a suppressor for the micturition reflex 

(Herzog et al., 2006, 2007; Sakakibara et al., 2008, 2012).  An overactivity of the bladder is a 

key component underlying LUTs (Steers, 2002). Neurodegenerative changes in the 

nigrostriatal dopaminergic pathways that control the micturition reflex have been found to 

lead to bladder overactivity in 45 to 93% of patients (Fitzmaurice et al., 1985). Dopamine 

transporter imaging studies have also indicated that PD patients with urinary problems have 

decreased dopamine transporter compared to PD patients without LUT (Sakakibara et al., 

2001; Winge et al., 2005).  In addition, bladder overactivity is associated with disease 

progression in PD, and has increased prevalence as the disease advances (Stocchi et al., 

1997). Furthermore, deep brain stimulation in the subthalamic nucleus has been shown to 

increase bladder capacity (Terayama et al., 2012). This could suggest that bladder 

dysfunction in PD is associated with the degeneration of nigrostriatal dopamine that is linked 

to motor symptoms but other non-dopaminergic pathologies are also known to play a role 

(Sakakibara et al., 2016). Orthostatic hypotension (OH) is another autonomic dysfunction 

that correlates with disease progression affecting 30-40% of PD patients (Fereshtehnejad & 

Lökk, 2014; Velseboer et al., 2011). It is characterised by a postural drop in blood pressure 

associated with characteristic symptoms, including vertigo, syncope and lightheadedness 

(Jost & Augustis, 2015). A study found that PD patients with OH have significantly reduced 

sympathetic noradrenergic innervation of the left ventricular myocardium, which indicates a 

link between OH and sympathetic cardiac denervation in PD patients (Goldstein & Orimo, 



 28 

2009). Thus it is proposed that the neurogenerative processes occurring in PD could impair 

sympathetic vasomotor neurons leading to OH (Metzler et al., 2013; Senard et al., 2001) 

 

Current Symptomatic Treatment  

The current treatment of Parkinson’s disease remains symptomatic rather than disease-

modifying through neuroprotection (Magrinelli et al., 2016). Treatment is mainly targeted 

towards restoring dopamine levels in the striatum (Magrinelli et al., 2016; Stoker & Barker, 

2020). The current treatment of motor symptoms includes several classes of medication, such 

as levodopa, dopamine agonists (DA), Monoamine Oxidase B (MAO-B) inhibitors, Catechol-

O-methyl transferase (COMT) inhibitors), anticholinergics and Amantadine (Zahoor et al., 

2018).  

 

As dopamine is unable to cross the blood-brain barrier (BBB), the dopamine precursor 

levodopa, which is also the most commonly administered drug for PD is able to cross the 

BBB where it can be converted into dopamine (Tambasco et al., 2018). Although this has 

been proven to be highly effective in reducing motor symptoms of PD, long-term usage of 

this drug can result in the development of severe motor complications such as motor 

fluctuations and dyskinesia (LeWitt, 2015). Unlike levodopa, dopamine agonists work by 

stimulating dopaminergic activity by binding to dopamine receptors and do not require 

conversion into dopamine (Borovac, 2016). Although it has poorer efficacy in improving 

motor symptoms compared to levodopa (Weiner & Reich, 2008), many clinicians prefer 

using DA as an initial treatment method in the hope of delaying the onset of motor 

complications (J. Zhang & Chew-Seng Tan, 2016).  
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Other types of PD medications preserve levels of endogenous dopamine by inhibiting 

enzymes involved in dopamine metabolism (Zahoor et al., 2018). MAO-B inhibitors, target 

MAO-B, which is one of the enzymes involved in the breakdown of dopamine.  Thus, by 

reducing the activity of this enzyme with MAO-B inhibitors, there is an increase of 

dopaminergic activity in the striatum (Zahoor et al., 2018). Again, this medication is less 

efficacious compared to levodopa in reducing motor symptoms of PD, but is well tolerated 

and may be used as initial monotherapy or adjunct after the emergence of fluctuations 

(Caslake et al., 2009). In the small intestine, the COMT enzyme can be targeted to improve 

the delivery of levodopa to the brain.  Thus, the use of COMT inhibitors elevates plasma 

levels of levodopa with a prolonged delivery (Goldenberg, 2008). This class of medication is 

used in conjunction with levodopa and has been found to reduce motor fluctuations (Kurth et 

al., 1997; Rinne et al., 1998).  

  

The use of anti-cholinergic medications has been thought to help restore the normal balance 

between dopamine and the neurotransmitter acetylcholine (Brocks, 1999). They have been 

shown to improve rest tremors but may lead to other cholinergic side effects, such as 

impairing memory, triggering visual hallucinations and impacting the autonomic nervous 

system to cause blurred vision, dried mouth, and occasional urinary retention.   

 

Amantadine is an antagonist of the N-methyl-D-aspartate (NMDA) glutamate receptor with 

some dopaminergic properties (Müller et al., 2003). The altered discharge of striatal medium 

sized spiny neurons after levodopa may promote hyper-phosphorylation of glutamate 

receptors, leading patients to be more sensitive to glutamatergic cortico-striatal input, which 

results in dyskinesia (Metman et al., 2000). Thus, amantadine has been found to have short-

term benefits in reducing dyskinesia (Sawada et al., 2010; Thomas et al., 2004).  
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Advanced therapies may be offered to patients with advanced PD who have developed motor 

complications where standard medications are unable to control these symptoms (Catalán et 

al., 2017; Lowin et al., 2011).  These therapies include neurosurgery such as deep brain 

stimulation (DBS), levodopa-carbidopa intestinal gel (LCIG) and subcutaneous apomorphine 

either via continuous infusion or intermittent injections (X. D. Liu et al., 2019). DBS involves 

surgically implanting intracranial electrodes and delivering continuous stimulation to deep 

structures of the brain to improve motor fluctuations, dyskinesia and tremor (Deuschl et al., 

2002; Obeso et al., 2001). The most common sites for DBS are the subthalamic nucleus 

(STN) and globus pallidus internus (GPi) (Obeso et al., 2001). This method though effective 

has drawbacks, the stimulation of the STN may amplify dyskinesia in the initial 

programming phase (Limousin & Martinez-Torres, 2008), where the GPi requires higher 

stimulation parameters and seldom allows for reduction in other dopaminergic therapies 

(Follett et al., 2010; Odekerken et al., 2013).  

 

LGIG and continuous apomorphine infusion therapies aim to avoid the problem of 

unpredictable enteral absorption of dopaminergic medication and reduce pulsatile stimulation 

of striatal dopamine receptors (Nagao & Patel, 2019). LCIG treatment involves the constant 

infusion of levodopa gel into the jejunum via a jejunostomy with a proprietary kit during 

waking hours (Katzenschlager et al., 2018). Apomorphine is a dopamine agonist that acts on 

postsynaptic dopamine receptors to reduce motor symptoms (Katzenschlager et al., 2018). 

Both LGIG and apomorphine are effective in the reduction of ‘OFF’ time and improvement 

in dyskinesia in PD patients (Sesar et al., 2017). However, both treatments have potential 

limitations such as device related complications (e.g. local skin reactions, infections and 
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stoma complications) (Fernandez et al., 2015; García Ruiz et al., 2008; Katzenschlager et al., 

2018).  

 

Due to our limited understanding of the neuropathology underlying PD, the progressive 

nature of the disease, the complex relationship between motor and non-motor symptoms and 

the potential side effects that can occur with therapeutic interventions, the treatment of PD 

remains complex (Rascol et al., 2002). Continued neurodegeneration requires higher dosages 

of medication as there is an increasing loss of drug effectiveness (Rascol et al., 2002). 

Furthermore, with prolonged levodopa treatment, dopamine-induced motor complications 

such as motor fluctuations and dyskinesia occur frequently (Magrinelli et al., 2016). In 

addition, with disease progression, there are an increasing number of motor and non-motor 

features, which are heterogeneous in their response towards medication (i.e., dopamine 

resistant, dopamine induced) (Nonnekes et al., 2016). One common feature that is seen with 

disease progression is the phenomenon of Freezing of Gait (FOG), which is one of the most 

debilitating symptoms associated with increased severity of PD is freezing of gait (Walton et 

al., 2015a). 

 

1.1.2. Overview of Freezing of gait 

Freezing of gait (FOG) is a symptom of PD that affects majority of patients during the 

advanced stages of the disease (Giladi, Treves, et al., 2001). It is defined as “brief, episodic 

absence or marked reduction of forward progression of the feet despite the intention to walk” 

(Nutt et al., 2011), and PD patients with this symptom are known commonly as Freezers 

(Giladi, Treves, et al., 2001).  
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FOG drastically reduces the quality of life (Walton et al., 2015b), increases the risk of falls 

(Lieberman et al., 2019), and results in a loss of independence (Bloem et al., 2004). The 

pathophysiology that underlies freezing of gait is not well understood hence the treatment of 

freezing of gait remains particularly challenging (Giladi & Nieuwboer, 2008; Lewis & Shine, 

2016).  

 

The phenomenon of FOG is episodic in nature with transient disruptions in locomotion, 

typically lasting for a few seconds to a minute (Schaafsma et al., 2003a). There are three 

specific leg movement patterns of freezing of gait, which include i) trembling in place with a 

frequency of 3 to 8 Hz; ii) shuffling forward with steps from millimetres to a few centimetres 

in length, and iii) complete akinesia with an absence of movement (Moore et al., 2008; Nutt 

et al., 2011b). As FOG is episodic, it suggests momentary disruptions of the locomotor 

circuitry (Schaafsma et al., 2003b). Furthermore, continuous gait impairments have also been 

observed in between FOG episodes, for instance, reduced step length and increased step time 

variability (Chee et al., 2009; Gilat et al., 2013). These gait abnormalities suggest that there 

exists a connection between FOG and postural instability, which is not yet fully elucidated 

(Nutt et al., 2011). Freezing is also not restricted to gait, and motor blocks have been reported 

during speech and upper limb movements like alternating repetitive actions of the fingers 

(Almeida et al., 2002; Nieuwboer et al., 2009). This indicates that freezing of gait could be 

related to general motor deficit that is not limited to gait.  

 

1.1.3. Pharmacological, surgical and brain stimulation treatment approaches 

It is known that FOG occurs more in the OFF compared to ON dopaminergic states 

(Schaafsma et al., 2003). Whilst levodopa is able to improve FOG, it does not fully 

ameliorate the symptom (Fietzek et al., 2013). Currently, the manipulation of levodopa 
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medication dosage to ensure the patient remains in the ‘ON’ state is the most common 

treatment approach (Nutt et al., 2011a). However, some studies have found that FOG could 

worsen in the ON medication state (Espay et al., 2012) and clinical studies have suggested 

three main subtypes of FOG responsiveness, a) FOG that happens only in the ‘OFF’ 

medication state and is not present in the ‘ON’ levodopa state; b) FOG is unresponsive to 

dopaminergic medication and persists in both ‘OFF’ and ‘ON’ states; and, c) FOG is not 

present in the ‘OFF’ state but only occurs during the ‘ON’ medication state (Amboni et al., 

2015; Factor et al., 2014; Lucas McKay et al., 2019). The heterogeneity of responsiveness to 

levodopa adds a layer of complexity to the treatment of FOG with this medication. Aside 

from levodopa, some medications that manipulate dopamine such as the monoamine oxidase 

B inhibitors rasagiline (Cibulcik et al., 2016) and selegiline (Iijima et al., 2017), have been 

found to improve FOG. However other dopamine influencing medication, for instance, 

amantadine has exhibited inconsistent effects on FOG (Kim et al., 2012; Malkani et al., 

2012). Medications that target the loss of non-dopaminergic neurons have also shown 

promising results. For example, the acetylcholinesterase inhibitor rivastigmine improved gait 

parameters (i.e., step time variability) in PD patients (Henderson et al., 2016). However, 

research conducted on this drug has not yielded findings with Freezers and is currently 

ongoing. 

Apart from medication, DBS is a surgical method that directly modulates brain networks to 

improve motor functions in PD.  Although the technique typically aims to treat wearing-off 

periods and dyskinesia, many studies that conducted DBS in the bilateral subthalamic nucleus 

(STN) have been found to reduce FOG and falls (Fasano et al., 2012; Ricchi et al., 2012; T. 

Xie et al., 2015). These effects can be sustained for a period of at least three to five years 

(Schlenstedt et al., 2017). In addition, DBS has also targeted the substantia nigra pars 

reticulata (STN), where some studies have revealed alleviation of gait impairments (Golfrè 
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Andreasi et al., 2020; Weiss et al., 2013). Although research has shown worsening of balance 

and gait after this period of improvement (Moro et al., 2010; Schlenstedt et al., 2017). 

Alternative regions of stimulation apart from the STN, such as the PPN have been 

investigated in several studies.  

The PPN is essential in the automation of gait through the release of pre-prepared movement 

(Garcia-Rill et al., 2019). Low-frequency PPN DBS has been found to improve motor 

functions, reduce postural instability and reduce falls in freezing of gait patients (Mazzone et 

al., 2005; Moro et al., 2010; Plaha & Gill, 2005). However, currently studies investigating 

DBS in the PPN have only been conducted with a few patients (Thevathasan et al., 2018), 

and the precise site in which PPN should be stimulated remains controversial (Golestanirad et 

al., 2016; Yu et al., 2020). In addition, the typical ‘open loop’ DBS approach for PD patients 

involves external input to regulate stimulation parameters, and the stimulation would be 

delivered constantly without taking into account the fluctuations in clinical or 

electrophysiological states (Cui & Lewis, 2021). Contrary to this method, ‘closed loop’ DBS 

has been explored, it consists of bidirectional devices able to detect neural signals and deliver 

stimulation according to electrophysiological changes in real-time (Cui & Lewis, 2021). 

These neural signals include prolonged beta bursts (Anidi et al., 2018), where low beta and 

theta band oscillations being transmitted to the STN were found to be associated with FOG 

(Chen et al., 2019). One study conducted in a single PD Freezer to examine closed-loop 

bilateral STN DBS found that the patient’s responsiveness to beta band oscillations had 

superior results in reducing the severity of freezing in a stepping in place task, compared to 

conventional open-loop DBS (Petrucci et al., 2020). A closed-loop PPN DBS study was also 

conducted with 5 patients, however, two of the patients had their implantations removed due 

to surgical complications and results for the remaining subjects were heterogeneous and did 

not reveal any significant benefits (Molina et al., 2021).  
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Non-invasive stimulation techniques, such as repetitive transcranial magnetic stimulation 

(rTMS) and transcranial direct current stimulation (tDCS) represent other means that have 

been pursued to modulate neuronal activity in an effort to alleviate FOG.  These methods are 

used to stimulate the brain and modulate localised neural excitability of selected brain regions 

(George et al., 2002). Improvements in FOG were observed when rTMS was applied to 

regions such as the supplementary motor area (SMA), dorsolateral prefrontal cortex (DLPFC) 

and primary motor cortex (Lee et al., 2014; Xie et al., 2020). Similar to rTMS, tDCS 

treatments to the primary motor cortex and left DLPFC have been reported to improve FOG 

(Dagan et al., 2018). Although some successful treatment outcomes were achieved, 

stimulation approaches require more research, especially to identify the optimal target, 

intensity of stimulation and treatment duration (Cui & Lewis, 2021). 

1.2. Predisposing Factors of Freezing of gait 

 

1.2.1. Disease Duration and Severity  

 

As FOG is often found in the later stages of PD, a longer disease duration is one of the most 

crucial risk factors for developing FOG (Giladi et al., 1992; Giladi, McDermott, et al., 2001a; 

Macht et al., 2007). In addition, the risk of developing FOG was found to be higher in 

patients with more advanced severity of disease (Giladi, Treves, et al., 2001; Giladi, 

McDermott, et al., 2001). The association between FOG and disease severity indicates that a 

certain level of neurodegeneration has to occur before FOG manifests in PD patients 

(Nonnekes et al., 2015). Furthermore, FOG is found to be elicited most when patients are 

OFF dopaminergic medication (Schaafsma et al., 2003b), and conversely, dopaminergic 

medications have been found to alleviate FOG in most patients (Nonnekes et al., 2015; 

Schaafsma et al., 2003). Studies have revealed that levodopa equivalent daily doses (LEDD) 

at baseline could successfully predict the development of FOG. For example, a study of 225 

PD patients in a three year follow up study showed that the frequency of levodopa usage was 
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higher in those patients that developed FOG compared to non-Freezers (Ou et al., 2018).  In a 

12 year follow-up study of 234 PD patients, higher daily dosages of dopaminergic medication 

intake was found to be an independent predictor of FOG (Forsaa et al., 2015). This suggests 

that striatal dysfunction could play a part in the pathophysiology of FOG, as the striatum 

consists of structures that have the highest concentration of dopamine (Lewis & Barker, 

2009).   

 

Motor Phenotype 

Several phenotypic features have been associated with FOG, but the most prevalent motor 

feature would be a non-tremor dominant or Postural Instability and Gait Disturbance (PIGD) 

subtype of PD (Factor et al., 2011; Lewis, 2005). Studies have found that patients with FOG 

had significantly more non-tremor symptoms compared to those with tremor dominant 

symptoms (Hall et al., 2014; Szeto et al., 2015). Non-tremor dominant patients tend to 

present with predominant akinesia, bradykinesia or postural instability and gait symptoms 

(Jankovic et al., 1990; Schillaci, 2011; Wylie et al., 2012; Zaidel et al., 2009). This group 

also tend to exhibit faster disease progression, selective impairments of motor functions such 

as muscle rigidity (Szeto et al., 2015) and have higher risks of developing dementia 

(Aarsland et al., 2003). The non-tremor dominant compared to the tremor dominant motor 

group have also shown a higher prevalence of selective cognitive impairments (Burn, 2006; 

Oh et al., 2009; Tremblay et al., 2013). In vivo dopaminergic imaging findings are aligned 

with this proposal given that more severe nigral pathology is found in non-tremor dominant 

patients compared to tremor dominant patients (Spiegel et al., 2007), which would be in 

keeping with the suggested role of striatal dopamine level depletion in FOG (Lewis & 

Barker, 2009).  
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1.2.2. Cognitive function 

Previous work exploring cognitive function in PD Freezers has highlighted deficits in more 

salient cognitive functioning, such as attention (Hall et al., 2014; Naismith et al., 2010; Shine, 

Naismith, et al., 2013) and executive functions like switching inhibition (Cohen et al., 2014; 

Matar et al., 2013). Attention and executive function are thought to be vital for mobility and 

successful gait (Iersel et al., 2008; Yogev-Seligmann et al., 2008). Cognitive functions are 

essential to gait, for instance, the real-world environment requires switching of attention to 

coordinate posture and movement adaptation in response to sensory inputs (Peterson et al., 

2016). In instances where several actions can be taken, executive functioning is required to 

inhibit movements that are not necessary to carry out intentional acts (Mostofsky & 

Simmonds, 2008). Gait automaticity deficits in PD patients are often compensated by the use 

of increased voluntary control, whereas impaired cognitive processes in Freezers could 

hinder this form of compensation (Vandenbossche et al., 2013). 

 

Neuroimaging studies have found similarities between regions impaired in FOG and 

cognitive functioning. In particular, attention and executive functional deficits have been 

linked to frontal lobe dysfunctions (Wager et al., 2004), and Freezers have shown fronto-

parietal circuitry deficits (Bartels & Leenders, 2008).  Work evaluating cognitive dysfunction 

in Freezers compared to non-Freezers ON dopaminergic medication has revealed that 

Freezers scored significantly lower on the frontal assessment battery (FAB) that assessed 

sequencing planning and inhibition, and ten point clock test (TPCT) that assessed spatial 

programming compared to non-Freezers (Amboni et al., 2008; Heremans et al., 2013).  These 

findings suggest that Freezers could have possible deficits in the frontal lobe. Freezers also 

had significantly lower phonemic verbal fluency scores compared to non-Freezers (Amboni 

et al., 2008) and studies have found that both the semantic and phonemic tasks components of 
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this test are associated with frontal lobe function. The phonemic verbal fluency task assesses 

one’s ability to suppress the habit of using words according to their meaning (Perret, 1974), 

and this function has been associated with the anterior cingulate (Frith et al., 1995), left 

inferior frontal gyrus (Phelps et al., 1997) and dorsolateral prefrontal cortex (Warkentin & 

Passant, 1997). In the same study, Freezers compared to non-Freezers were also found to 

have exhibited lower scores on the Stroop test, which probes attentional control (Amboni et 

al., 2008). A longitudinal follow up of this study found that cognitive performance in all of 

the neuropsychological tests administered (i.e., Frontal Assessment Battery (FAB); 

phonological word fluency test (WF); ten-point clock test (TPCT); Stroop test, parts II–III) 

showed that cognition in non-Freezers remained unchanged, whereas cognition deteriorated 

in the group with FOG (Amboni et al., 2010). Although cognitive capabilities deteriorate 

with PD disease progression (Roheger et al., 2018), these findings suggest that Freezers in the 

ON state show a faster cognitive decline (Amboni et al., 2010). These executive impairments 

in Freezers over time compared to non-Freezers suggest that frontal lobe dysfunction could 

be involved in the development of FOG (Amboni et al., 2010). 

 

Furthermore, as Freezers show a reduction in automaticity they may have an increased 

reliance on the conscious control system, which requires frontal network activation (Amboni 

et al., 2010). FOG could be elicited when the dysfunctional frontal lobe becomes overloaded 

(Amboni et al., 2010).  Other studies have also supported these results where Freezers in the 

ON medication state showed deficits in attentional set-shifting as measured by the Trail 

Making Task (TMT).  In particular, performance on the TMT-B was strongly associated with 

self-reported FOG symptoms (Naismith et al., 2010). The Behavioural Assessment of 

Dysexecutive function (BADS) battery is a sensitive measure that consists of six subtests 

evaluating set shifting and inhibition control, behavioural planning with concept formation in 
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novel situations, planning, problem solving, reasoning, and planning with problem solving 

when faced with multiple competing tasks (Teramoto et al., 2014).  One study found that 

overall, PD Freezers ON medication scored lower on these executive functioning tests 

compared to non-Freezers  (Teramoto et al., 2014). Another study investigated PD patients 

that developed FOG over a four year follow up period and found that tests measuring 

attention and learning were predictive of this transition (Banks et al., 2019). In addition, tests 

of divided attention, visual scanning, motor speed and tracking measured using the symbol 

digit modalities test (SDMT), also showed a contribution to the development of FOG (Banks 

et al., 2019).  

 

Cognitive rehabilitation focused on enhancing these attentional and executive functions has 

been shown to be beneficial for improving movement (Schoene et al., 2014).  More 

specifically, one study has demonstrated that this type of Cognitive Training (CT) reduced 

FOG severity in Freezers ON medication (Walton et al., 2018) This improvement could 

represent the facilitation of more efficient processing between frontal and striatal regions 

through CT (Shine, Moustafa, et al., 2013; Walton et al., 2014, 2018).  

 

Previous neuroimaging work has found fronto-striatal deficits in FOG, which supports the 

proposed role of cognitive dysfunction (Bartels et al., 2006; Shine, Moustafa, et al., 2013). 

Brain imaging studies have also demonstrated that executive and attentional functions largely 

involve frontal-parietal regions (Nowrangi et al., 2014). For instance, the working memory 

component of executive control is linked to frontoparietal cortices (Liu et al., 2017), and 

attentional control is associated with ventrolateral prefrontal cortex activation (Williams-

Gray et al., 2008). These findings suggest that these seemingly disparate motor and cognitive 

features might share a common underlying pathophysiology that plays a role in FOG.  



 40 

However, it should be highlighted that such cognitive deficits have not been universally 

described in FOG.  One study that compared the association between cognitive assessments 

that evaluated executive functioning, attention and visual spatial abilities found no significant 

differences between Freezers and non-Freezers in the OFF medication state after controlling 

for disease severity (Morris et al., 2020). These findings suggest that FOG and cognitive 

deficits could occur concomitantly along with the progression of PD, and independent of 

cognitive functioning, such that as the disease progresses, it could lead to FOG episodes 

(Morris et al., 2020).  

 

1.2.3. Affective symptoms 

Affective symptoms such as depression and anxiety have been found to be more frequent in 

PD Freezers (Giladi & Hausdorff, 2006). In one study, 80% of participants with baseline 

symptoms of depression went on to develop FOG in a five-year follow-up study (Herman et 

al., 2019). Another large prospective study looking at de novo patients revealed an 

association between depression and FOG in the early stages of the condition before the 

administration of dopaminergic medication (Giladi, McDermott, et al., 2001). During this 

study, which was conducted over 14 months, higher baseline depressive symptoms were 

associated not only with the development of FOG but also with its earlier onset (Giladi, 

McDermott, et al., 2001). In addition, the presence of FOG by the end of the study was 

associated with higher depressive symptoms, although the direction of causality could not be 

established (Giladi, McDermott, et al., 2001). 

Further work in more advanced PD patients has also confirmed that FOG severity is 

correlated with depressive symptoms using the Beck depression inventory (Giladi et al., 

2009). These findings show that in both early stages and severe stages of PD, depression 

appears to modulate FOG (Giladi & Hausdorff, 2006). However, these relationships are not 
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universal as other studies and did not find a significant association between depression and 

anxiety with FOG in the early stages of PD (Hall et al., 2014). Another study also 

demonstrated that Freezers showed higher levels of anxiety compared to non-Freezers, whilst 

this was not observed with depression (Hall et al., 2015).  

Anxiety is one of the most common non-motor symptoms in PD affecting 40 to 60% of 

patients, which is much greater than the levels found in the general population and people 

with other chronic disorders (Lutz et al., 2016; Richard, 2005). Anxiety has also been found 

to be greater in Freezers compared to non-Freezers (Martens et al., 2016). One study 

examined 221 PD patients, divided into non-Freezers (88), transitional Freezers (41) and 

continuing Freezers (92) between two time points approximately 1 year apart to identify 

factors that would predict the development of PD patients (Ehgoetz Martens, et al., 2018). In 

line with previous research, this study found that motor aspects such as greater non-tremor 

dominant subtype, MDS-UPDRS-III (motor examination) and DDE were greater in 

continuing and transitional Freezers than non-Freezers at both baseline and follow-up 

(Ehgoetz Martens,  et al., 2018). In addition, anxiety was also found to be greater in 

continuing and transitioning Freezers compared to non-Freezers, indicating that anxiety may 

precede and potentially contribute to the onset of FOG (Ehgoetz Martens, et al., 2018). 

Transitional Freezers did not differ significantly from non-Freezers in depressive symptoms 

at both time points, which could indicate that depression does not predict the onset of FOG. 

However, depression was significantly higher in continuing Freezers compared to transitional 

Freezers at baseline, and at follow-up these differences were no longer observed which could 

be due to better symptom management in the follow-up (Ehgoetz Martens, et al., 2018). 

Interestingly, no significant differences in cognition and sleep outcomes were observed in 

transitional Freezers compared to non-Freezers at both time points. FOG severity was also 

associated with worse cognitive functioning, greater affective problems and higher RBD 
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scores (Ehgoetz Martens, et al., 2018). This could imply that cognition and sleep disturbances 

gradually become more impaired as a function of FOG disease progression or that these 

dysfunctions could occur at a similar time frame as the onset of FOG, due to shared 

underlying neurobiological deficits (Ehgoetz Martens, Lukasik, et al., 2018). Finally, the 

logistic regression model used to predict the development of FOG found that non-tremor 

subtype, FOG severity, set-shifting (TMT-B), anxiety and depression together could 

successfully predict the PD patients who transitioned into Freezers and those who did so 

within a one-year time frame with an 84% accuracy (Ehgoetz Martens, Lukasik, et al., 2018). 

Additionally, albeit with a smaller predictive power than the full model, using FOG severity 

scores (FOGQ-total) and anxiety scores (HADS-Anxiety) could also predict the development 

of FOG in a one-year time frame with 82.1% accuracy(Ehgoetz Martens, Lukasik, et al., 

2018). 

Although the implications of affective dysfunctions in the pathophysiology of FOG have yet 

to be identified, decreased dopaminergic striatal activity, denervation in noradrenergic locus 

coeruleus (Ono et al., 2016) and cholinergic denervation in the striatum, limbic archicortex 

(Bohnen et al., 2019) and neocortex (Bohnen et al., 2014) has been observed in Freezers 

compared to non-Freezers. Metabolic changes have also been observed in fronto-parietal 

regions in Freezers (Bharti et al., 2019). Post-mortem brains indicated increased (sevenfold) 

nigral neuron loss in the substantia nigra pars compacta, dorsal vagus nerve and locus 

coeruleus of PD patients that were depressed compared to non-depressed PD patients (Frisina 

et al., 2009). Several studies also found a strong association between anxiety and depressive 

symptoms with reductions in dopamine transporter bindings in the striatum (Kaasinen et al., 

2001; Rektorova et al., 2008; Remy et al., 2005). Neurotransmitters such as acetylcholine, 

norepinephrine and dopamine are therefore, likely to play a role in anxiety (Nutt et al., 1998), 

and are also affected in PD patients with depression and in PD Freezers (Kano et al., 2011).  
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Disruptions in functional connectivity have been found in the cortico-limbic network of PD 

patients with depression (Hu et al., 2015). Comparing PD patients with depression and non-

depressed PD patients, studies have found decoupling between fronto-subcortical regions and 

increased connectivity between limbic regions (Hu et al., 2015).  These disturbances in 

connectivity have been proposed to reflect dysfunction in top-down control over emotional 

processing (Hu et al., 2015).  Freezers have also shown abnormalities in frontal-parietal 

regions and their connectivity with subcortical regions (Bharti et al., 2019). In addition, a 

reduction in top-down attentional control of frontoparietal regions over the amygdala was 

also found in Freezers compared to non-Freezers (Gilat et al., 2018). These findings suggest 

that the interactions between affective dysfunctions and FOG could have an underlying basis 

in the shared fronto-striatal-limbic circuitry.  

1.3 Freezing of gait: Triggers 

Common triggers that provoke episodes of FOG have been well described and they include 

motor-based events (e.g., initiating gait), turning, cognitive load (e.g., dual-tasking), 

environmental cues (e.g., narrow doorways) and anxiety (Giladi & Hausdorff, 2006). 

Evidently, the association between these triggers and FOG could provide useful insights into 

our understanding of the pathophysiology underlying the phenomenon. Examples of these 

provoking factors, their effects, and possible reasons for eliciting this response will be 

discussed in this segment. 

 

1.3.1. Motor-based events  

Failure to initiate gait, commonly known as start hesitation (SH) refers to when a patient is 

unable to initiate gait when they are starting to walk (Nutt et al., 2011).  In studies that have 

compared gait initiation in over-ground walking, gait initiation failures were more prevalent 

in Freezers than non-Freezers (Delval et al., 2014; Tard et al., 2015). This is common in 
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situations where PD patients experience FOG when attempting to initiate their first step 

(Schaafsma et al., 2003). Behavioural manifestations such as trembling in place, complete 

akinesia or shuffling with minimal movement forward during SH are similar to those 

observed during FOG while walking (Schaafsma et al., 2003). This could suggest related or 

common pathophysiological mechanisms underlying these events. During gait initiation, an 

increase in postural instability due to the shift in base of support and centre of gravity occurs 

(Winter, 1995). In addition, PD patients have been found to have postural impairments such 

as continuous weight shifting, which involves transferring body weight between legs (Nantel 

& Bronte-Stewart, 2014), reduced anterior-posterior sway dispersion (de Souza Fortaleza et 

al., 2017), and deficits in anticipatory postural adjustment (APA) (Delval et al., 2014), which 

contribute to the increased risk of falls. For the conditions of forward progression to be met, 

gait initiation has to be coupled with an APA (Breniere & Do, 1986) and requires 

sensorimotor integration for an appropriate motor plan to be selected (Jacobs et al., 2009). 

This begins with shifting the centre of mass over the standing leg before unloading the swing 

leg to initiate gait (Jacobs et al., 2009). Hence, impairments in sensorimotor integration have 

been suggested to result in deficits in APA, such as insufficient amplitude or impaired 

sequencing of APAs during SH that are poorly coupled with the first step (Burleigh et al., 

1994; Jacobs et al., 2009).  

 

The influence of multiple APAs during gait initiation was examined in PD patients with and 

without FOG, along with healthy adults by investigating inhibitory control with a cued step 

initiation task (Cohen et al., 2017).  In this task, subjects participated in a stepping task with 

two different conditions of difficulty, in a choice reaction time condition (CRT) patients were 

challenged with choosing a stepping foot, and in the simple reaction time condition (SRT) the 

stepping foot was informed to them in advance (Cohen, Nutt, et al., 2011; Cohen et al., 
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2017). In this experiment, SH was assessed by measuring kinematics and forces beneath a 

participant’s feet, where features such as the onset time of first step, body position and weight 

shifts were examined (Cohen et al., 2017). The study found that multiple APAs were four 

times more likely in the CRT task than in the SRT task, where participants from different 

groups (Freezers, non-Freezers and HC) showed no significant differences between multiple 

APAs occurrences (Cohen et al., 2017). Given that Freezers did not exhibit an increased 

tendency of initial weight shifting errors before stepping compared to the other groups, this 

suggests that although multiple APAs are linked to SH, they are separate factors (Cohen et 

al., 2017). Furthermore, multiple APAs followed by a delayed onset were observed in PD 

patients but not healthy controls, consistent with the idea that PD patients have deficits in 

releasing step inhibition when APAs are initiated (Boulinguez et al., 2009; Cohen et al., 

2014). Thus it has been proposed that the decoupling between initiation of step and APA 

generation could lead to start hesitation (Jacobs et al., 2009). Patients who scored lower on 

the Stroop test (measuring inhibitory control) were also found to have a higher prevalence of 

delayed step onset and multiple APAs, supporting previous findings in which inhibitory 

deficits were associated with freezing severity (Amboni et al., 2008; Cohen et al., 2014). 

Hence, inhibitory deficits, in particular difficulty releasing inhibition may play a part in the 

decoupling of APA and step initiation resulting in FOG (Cohen et al., 2017). Another study 

has used a virtual reality (VR) paradigm to examine motor initiation and inhibition deficits in 

PD Freezers, non-Freezers and healthy controls (Georgiades, Gilat, Ehgoetz Martens, et al., 

2016). In the virtual reality task, participants were placed in a supine position and asked to 

navigate a VR environment by alternating left and right ankle flexion on fixed foot pedals 

placed at their feet. The VR paradigm consisted of environmentally salient features, and 

cognition was challenged using a modified Stroop test where ‘walk’ and ‘stop’ cues were 

delivered by congruent and incongruent colour-word pairs. In low cognitive load trials, the 
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cue to walk was prompted by the word WALK presented in green, whilst the word STOP 

written in red indicated the instruction to stop.  In the high cognitive load trials, words cues 

were provided but with incongruent colour-word pairings (e.g., the word ‘RED’ written in 

red or in an incongruent colour such as green or blue) (Georgiades, Gilat, Ehgoetz Martens, 

et al., 2016). In these trials, participants were instructed to stop during incongruent pairings 

and to keep walking when congruent colour-word cues were presented (Georgiades, Gilat, 

Ehgoetz Martens, et al., 2016).  Findings indicated that Freezers were slower to initiate 

stepping compared to controls and non-Freezers (Georgiades, Gilat, Ehgoetz Martens, et al., 

2016).  Freezers were also found to have impaired stopping compared to controls and non-

Freezers, and had greater deficits in the execution of stopping when cognitive load was 

introduced, highlighting the role of cognition in gait disturbances  (Georgiades, Gilat, 

Ehgoetz Martens, et al., 2016). Prior studies have attributed an ineffective APA in the 

manifestation of SH to dysfunctions in the lower brainstem (Okada et al., 2011a; Vaugoyeau 

et al., 2003). However, in this VR study, the impact of balance and APA was removed, and 

Freezers still showed significant SH (Georgiades, Gilat, Ehgoetz Martens, et al., 2016).  This 

suggests that a paroxysmal deficit in the initiation of lower limb motor functions is 

significantly more prominent in PD Freezers than non-Freezers even when the patient was 

not standing, thus calling into question the role of decoupling of APAs and stepping in the 

pathophysiology of FOG and SH.  

 

1.3.2. Turning  

Turning is recognised as one of the most frequent triggers of FOG (Okuma & Yanagisawa, 

2008; Schaafsma et al., 2003; Snijders et al., 2012). In a recent study of 245 Freezers, 84.9% 

reported experiencing FOG during turning (Gan et al., 2021). Turning requires precise limb 

control and poses the most threat towards stability compared to other triggers (Courtine & 
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Schieppati, 2003). Prior studies have found that Freezers compared to non-Freezers displayed 

increased gait impairments in the regulation of gait rhythmicity, symmetry and bilateral 

coordination (Plotnik & Hausdorff, 2008). Gait rhythmicity is measured by temporal 

variability of stride generation and the coefficient of variation (CV). Higher CV indicates a 

less consistent gait cycle timing and less rhythmic gait (Plotnik & Hausdorff, 2008). Freezers 

compared to non-Freezers have significant impairments in gait rhythmicity (Hausdorff et al., 

1998) and the ability to regulate stride to stride variations in gait timing and sustain a 

constant walking rhythm (Hausdorff et al., 2003). 

Turning and gait initiation involve asymmetric movements, where during turning the motor 

pattern of each leg differs with one leg pivoting whilst the other supports. Hence, different 

timing and tasks are required for each leg (Plotnik & Hausdorff, 2008). Asymmetric tasks 

require higher levels of bilateral coordination, and this can be measured with gait asymmetry 

(GA) that compares the swing time of each leg to evaluate the level of symmetry between 

both legs. The bilateral coordination of gait cycle can be assessed by phase coordination 

index (PCI) that examines left-right stepping phases (Plotnik & Hausdorff, 2008). PD 

Freezers have been shown to have reduced bilateral coordination compared to PD non-

Freezers in both GA (Plotnik, Giladi, et al., 2005) and PCI (Plotnik, Yogev, et al., 2005).  

One study that examined turning in PD Freezers instructed patients to walk down a six-metre 

pathway while making turns at varying degrees (0, 90, 120, 180 degrees) (Bhatt et al., 2013). 

Findings showed that Freezers exhibited more FOG episodes at sharper turns and more 

deficits in timing control of gait (more step time variability) and implemented a different 

turning strategy compared to non-Freezers and healthy controls (Bhatt et al., 2013). Increased 

deficits in gait timing have been suggested to result from dysfunctional control of bilateral 

coordination (Courtine & Schieppati, 2003). In addition, in Freezers the ‘sequence effect’ 
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(step to step reduction in amplitude) leads to higher asymmetry of gait, which destabilises 

gait (Chee et al., 2009; Fasano et al., 2011). The combination of bilateral coordination 

deficits in Freezers (Plotnik, Giladi, et al., 2005), and the asymmetrical characteristic of a 

turning task could partially contribute to FOG. This suggests that multiple gait deficits exist 

and in the presence of turning, a more complex motor task, could trigger FOG (Plotnik et al., 

2012).  

During turning, FOG could also be triggered by the reduction in medial centre of mass 

(COM) deviation in which an incomplete shift of weight to the inner portion of the turning 

curve would affect the toe clearance of the leg at the outer side (Spildooren et al., 2012). 

When centre of mass (COM) behaviour was examined in a study, before FOG occurred, 

Freezers showed reduced medial and increased anterior position (Bengevoord et al., 2016). 

This may suggest that FOG could occur through an abnormal combination between gait, 

balance and posture where several anticipatory postural adjustments led to an impeded COM 

deviation (Nutt et al., 2011). 

 Interestingly, the timing when COM turn was affected was only reflect in the first quarter of 

the turn when Freezers were compared to non-Freezers, this may suggest that Freezers have 

difficulty in the initial adaptation to turning where they are required to change their motor 

patterns catering to asymmetrical demands (Bengevoord et al., 2016). Hence, abnormalities 

in COM could have affected stability, and the ability of Freezers to shift their weight which is 

required to facilitate a turn (Bengevoord et al., 2016). An interesting study investigated the 

impact of auditory cueing to alter footfall patterns and an attentional strategy to improve axial 

head pelvis rotation in the reduction of FOG during turning (Spildooren et al., 2017).  

The findings revealed that axial and COM deficits in Freezers contribute less to FOG, where 

attentional strategies improved these impairments but did not significantly improve FOG, 
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however auditory cueing effectively improved FOG even though which these deficits did 

occur (Spildooren et al., 2017). These results could suggest that axial and COM movement 

impairments may not underlie FOG, but could instead be a compensatory mechanism 

(Spildooren et al., 2017). 

A recent meta-analysis investigated the turning in 16 studies, comparing Freezers and non-

Freezers (Spildooren et al., 2019), Overall during turning, Freezers showed slower peak turn 

velocity, greater cadence, more steps taken and a longer turn duration compared to non-

freezers (Spildooren et al., 2019). The frequency of freezing also tended to vary with 

medication state, turning angles, increased complexity of task and was the highest when 

Freezers ended a turn (Bengevoord et al., 2016; Bhatt et al., 2013; Peterson et al., 2012). 

These findings suggest that medication plays a significant role in turning behaviour 

(McNeely et al., 2012), and abnormal stepping patterns in Freezers affecting their ability to 

walk with a consistent rhythm, when in combination with the rotational demands of turning 

could reach a threshold leading to FOG (Spildooren et al., 2019). 

To investigate the brain mechanisms associated with turning in FOG, a study was conducted 

using virtual reality (VR), where patients laid supine in the functional magnetic resonance 

imaging (fMRI) scanner whilst a first-person VR gait task was presented on a screen viewed 

through a mirror situated on the head coil (Gilat et al., 2015). To progress forward in the VR 

environment that was a three-dimensional corridor, participants depressed the left and right 

foot pedals placed beneath their feet, alternately (Gilat et al., 2015). Simple ‘walk’ and ‘stop’ 

cues were presented along with 90° turns randomly provided in both directions. The findings 

indicated that during turning, PD Freezers showed increased activations in visual regions 

(bilateral inferior frontal regions) and reductions in premotor and left parietal cortex 

compared to non-Freezers (Gilat et al., 2015). Also, during turning compared to walking, 
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Freezers exhibited increased activations in the caudate nucleus, and stronger connectivity 

between cerebellar, MLR, GPi and STN (Gilat et al., 2015). These findings would imply that 

Freezers are reliant on vision as a compensation strategy for poor kinaesthetic feedback 

(Azulay et al., 2006). Indeed, increased visuo-parietal activation and percentage signal 

change in the caudate could suggest saccadic deficits that might lead to dysfunctions in 

sensorimotor integration (Kitama et al., 1991; Rieger et al., 2008). Also, inappropriate 

visuomotor integration could cause a response conflict between actual and predicted motor 

outcomes that could elicit FOG (Lewis & Shine, 2016). Furthermore, reduced recruitment of 

medial motor and frontal regions in Freezers during turning could suggest difficulty in 

modulating motor actions that are internally driven without visual support (van der Hoorn et 

al., 2014), where Freezers have shown increased FOG while walking in the dark with no 

visual input (Ehgoetz Martens et al., 2013). During turning Freezers also exhibited an 

overactivity across a stopping network, with projections from subcortical regions and the 

STN (Aron et al., 2014). Hence when turning, the overactivity of the stopping network in 

Freezers and the simultaneous pre-SMA deficits in providing contextual input, could impair 

the striatum from updating the ongoing motor plans (Fling et al., 2014; Shine, Moustafa, et 

al., 2013). As a result the GPi and STN may inhibit motor activity through the mesencephalic 

locomotor region and cerebellum (Lewis & Shine, 2016), preventing regions involved in 

movement such as the cerebellum, thalamus and motor cortex from receiving sensory input to 

adjust gait (Gilat et al., 2015). Studies have also found proprioceptive, saccadic, and 

sensorimotor integration deficits in Freezers, which are necessary for turning (Gilat et al., 

2015). Thus, a combination of less sensorimotor integration and stopping propensity is likely 

to trigger freezing of gait during complex motor tasks such as turning (Gilat et al., 2015). 
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1.3.3 Environmental Features 

Salient environmental features like approaching a doorway and passing through a narrow 

doorway can often provoke FOG. Perceptual judgement deficits contribute to motor 

impairment in FOG (Johnson et al., 2004), and perceptual processing capabilities have been 

found to be compromised in PD Freezers (Davidsdottir et al., 2005). In a qualitative study, 

PD patients reported that they felt too big to pass through small spaces, where PD patients 

who reported having problems walking through narrow spaces are more likely to have 

freezing difficulties, these findings indicate problems with spatial perception  (Lee & Harris, 

1999).  

 

Perception judgments of the ability to pass through a space is dependent on the internal 

representation of a person’s spatial dimensions, known as body schema and visuospatial 

abilities (Cohen, Chao, et al., 2011). Deficits in these judgements could contribute to 

doorway FOG. Perceptual judgement was investigated in one study through judging the size 

of a corridor with narrowing walls versus consistently parallel walls (Silveira et al., 2015).  

This work showed an increased judgement error in Freezers compared to non-Freezers 

(Silveira et al., 2015). As narrow spaces require more internally generated movement, 

Freezers could shift from using a predominant visual sensory feedback to proprioception, 

which has been found to be impaired in Freezers (Ehgoetz Martens et al., 2013; Silveira et 

al., 2015). Hence, FOG could occur in situations where processing demands are increased 

(i.e, narrow doorway) due to mismatched integration of defective visuospatial judgment and a 

dysfunction in the sensory feedback (i.e., proprioception) used to alter perceptual judgement 

(Silveira et al., 2015). 
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In a study that evaluated spatial perception deficits in PD Freezers, patients were asked to 

walk through doorways of different sizes (Almeida & Lebold, 2010). Findings indicated that 

Freezers exhibited gait alterations (reduced step length, increased variability of gait, 

increased base of support) while approaching a narrow doorway compared to a wider 

doorway, and showed more gait alterations compared to non-Freezers and healthy controls 

(Almeida & Lebold, 2010). These alterations in gait variability and step length have been 

found to be predictive of FOG episodes (Hausdorff et al., 2003; Nieuwboer et al., 2004). The 

study showed that Freezers changed their gait patterns in response to their perception of 

environmental contexts, and only Freezers showed significant alterations in gait comparing 

between narrow and wide doorways (Almeida & Lebold, 2010). These findings suggest that 

Freezers display spatial perception deficits and are supported by studies that also found 

Freezers exhibiting gait alterations when passing through narrow spaces (Cohen, Chao, et al., 

2011; Cowie et al., 2012). 

 

Doorways as a trigger of FOG have been examined in a VR paradigm that displayed a 

corridor in the first person, with PD patients sitting and navigating the environment by 

alternate depression of foot pedals (Matar et al., 2013). This study found that Freezers 

compared to non-Freezers had increased foot-stepping latencies (time taken between alternate 

steps) when approaching doorways compared to non-Freezers and healthy controls (Matar et 

al., 2013). This finding was also observed in another VR study (Matar et al., 2014) where 

Freezers laid in an MRI performing the same VR gait paradigm.  The results of this study 

showed that doorway freezing was more common in the OFF compared to ON medication 

states, where increased footstep latencies were observed especially in the narrow doorway 

condition (Matar et al., 2019). In the OFF compared to ON medication state, increased 

footstep latency was associated with hypoactivation in the pre-supplementary motor area 



 53 

(pSMA) (Matar et al., 2019).  This region has been associated with voluntary (internally 

cued) movement, motor plans, response inhibition and other functions (Nachev et al., 2008). 

The pSMA directly projects to the striatum and STN, where these areas form the ‘hyper-

direct’ pathway of the basal ganglia, suggesting a role of the hyper-direct pathways in FOG 

(Aron et al., 2014; Nambu et al., 2002).  

 

In addition, cognitive testing has reported a correlation between visuospatial deficits and 

objective measures of FOG (Nantel et al., 2012). Visuospatial processing has also been found 

to be worse in Freezers compared to non-Freezers and this processing is required for 

movement planning (Silveira et al., 2015). Thus, it has been suggested that Freezers could be 

impaired in their ability to update and integrate sensory feedback when walking through a 

narrow space (Almeida & Lebold, 2010; Cowie et al., 2012; Ehgoetz Martens et al., 2013). 

FOG frequently occur in situations where there is a change in visual environment such as 

narrow spaces or doorways, these situations likely require the integration of proprioceptive 

and visual information (Ehgoetz Martens et al., 2013). In a study that examined whether 

manipulating sensory information while walking through a doorway affected freezing 

behaviour, PD Freezers showed the highest number of FOG episodes when walking towards 

a doorway in darkness, compared to walking with the doorframe illuminated, the door and 

their limbs illuminated or walking into open space with their limbs illuminated (Ehgoetz 

Martens et al., 2013). In complete darkness, in order to monitor their movements while 

moving towards the door, the coordinates of the door must be integrated into the motor plan 

as patients update their body location to adjust their steps. As such increased sensory 

processing and integration is required. In this study, where FOG occurred the most in 

darkness, sensory motor integration may have been impaired (Ehgoetz Martens et al., 2013). 
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Previous work has also examined the optic flow illusion to assess the brain activation 

involved in the perception of movement forward in a wide to narrow visual field (van der 

Hoorn et al., 2010, 2014). PD patients showed a shift from activation in the occipitoparietal 

and lateral pre-motor regions to medial pre-frontal regions (i.e., SMA). This suggests that 

when shifting from a wide to narrow visual field, there is less visual feedback to externally 

generate a perception of forward movement, and as a compensation strategy, more activation 

in internally generated movement would be required to sustain an intended action (van der 

Hoorn et al., 2010, 2014). PD Freezers compared to non-Freezers did not show reduced 

medial pre-frontal activation during narrow field or occipital-parietal activation during wide 

field, suggesting that narrow space freezing may be related to the impaired ability of Freezers 

to internally generate movement (van der Hoorn et al., 2014).  

 

Also in line with the findings of Matar et al., (2019), a prior study found that reduced activity 

in the SMA was observed to be ameliorated in PD patients after the administration of 

dopaminergic medication (Haslinger et al., 2001). The reduction of activity in this region has 

been associated with motor dysfunctions such as hypokinesia and impairments in executive 

functioning like problems with task switching (Nachev et al., 2008). This suggests that the 

perception of a doorway could trigger a shift in motor plans that results in gait and posture 

adjustments, these shifts could lead to additional demands on the pSMA to inhibit or activate 

movements related to the doorway (Matar et al., 2019). In addition, this study also observed 

decoupling between the pSMA and STN in Freezers as they passed through doorways in their 

OFF-medication state but not in ON (Matar et al., 2019). The STN is an important region in 

the pathophysiology of FOG, and DBS studies targeting the STN have partially alleviated 

FOG symptoms (Moreau et al., 2008; Schlenstedt et al., 2017). The findings suggest that 

approaching a narrow doorway could result in increased conflict through multiple motor 
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programs involved in adjusting gait related variables, such as stepping rhythm. The 

decoupling between STN and pSMA could then lead to impairments in the processing of 

conflict signals, which would manifest in motor deficits or freezing (Matar et al., 2019). 

Thus, FOG could be a representation of paroxysmal failure of the hyper-direct pathway in the 

selection of an appropriate motor response by inhibiting other unwanted responses (Matar et 

al., 2019).  

 

1.3.4. Cognitive triggers 

Freezing of gait is often triggered when patients experience increased cognitive load (Shine, 

Naismith, et al., 2013). This has been demonstrated in several dual tasking paradigms, that 

involve walking while simultaneously doing a secondary task (Camicioli et al., 1998; Shine, 

Matar, Ward, Frank, et al., 2013; Spildooren et al., 2010). Dual tasking is dependent on 

executive function and the ability to split attention (Sala et al., 1995). These cognitive aspects 

have been found to be impaired in PD, especially in those with FOG (Peterson et al., 2016). 

The concept of automaticity refers to being able to execute movements without consciously 

focusing attention to a task and without executive control (Bernstein, 1967). As dual tasking 

requires dividing attention and being able to complete one of the tasks without focused 

attention on it, these dual task paradigms have been used to measure automaticity (Hallett, 

2008). There are many ways dual tasking can be implemented.  In one study with PD 

patients, dual-task was implemented as patients were asked to listen to different audio 

recordings and count the number of times two predefined words were used in the text (Yogev 

et al., 2005). This attention-demanding task is known as phoneme monitoring (Tseng et al., 

1993). Another method used to increase cognitive load while patients were asked to walk was 

an arithmetic task, such as patients starting from 500 performing serial 7 subtractions out 

loud  (Yogev et al., 2005). Performing these tasks while walking was found to decrease stride 

time and swing time variability in PD non-Freezers compared to Freezers (Yogev et al., 
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2005). One study conducted dual-tasking through a numbers task similar to phoneme 

monitoring while walking (Beck et al., 2015). In this study, dual-tasking was found to lead to 

worse gait outcomes such as decreased step length, velocity, step time variability and double 

support time percentage variability in PD Freezers and non-Freezers compared to controls 

(Beck et al., 2015). However, only Freezers showed increased step time length variability 

during dual tasking but not non-Freezers or controls (Beck et al., 2015). Interestingly, this 

gait parameter has been found to predict upcoming freezing episodes (Hausdorff et al., 2003). 

The findings of this study also showed that Freezers demonstrated a higher number of FOG 

episodes when dual tasking compared to merely walking (Beck et al., 2015). In another study 

that supported these findings, Freezers, non-Freezers and healthy controls were asked to walk 

in a straight line, or make a left or right turn towards a marker while completing a verbal 

cognitive dual-task (Spildooren et al., 2010). The task that was used is known as the colour 

classification task where experimenters presented two colours verbally in a random order and 

patients were asked to answer yes or no to the different colours while walking (Canning et 

al., 2006). This study identified FOG through the visual analysis of 3D images where 

interrater reliability was conducted between two raters to establish the reliability of the 

identified FOG episodes (Spildooren et al., 2010). Findings revealed that dual tasking while 

turning increased the number of FOG in Freezers significantly compared to simply turning 

and Freezers also made significantly more errors on the secondary task while walking 

compared to non-Freezers and controls (Spildooren et al., 2010). 

Automaticity is often tested using dual tasking, which requires recruiting attentional 

resources and splitting attention between two different tasks (Hallett, 2008). Motor skills 

such as walking are automated in healthy individuals and put little demand on attentional 

resources (Poldrack, 2005). Deterioration in automaticity can be identified when performance 

on one of the tasks in a dual-task paradigm worsens, for instance, increased FOG or increased 



 57 

errors in the secondary task (Hallett, 2008). Hence, the study conducted by Spildooren et al., 

(2010) where Freezers made more errors on the secondary task while walking suggests a 

deterioration in motor automaticity. This was supported by studies, which found that Freezers 

showed increased dual-task interference (Peterson et al., 2015), and made more errors in a 

secondary task while walking (Pieruccini-Faria et al., 2014). These findings correspond to 

observations that dividing attention or switching motor programmes could trigger FOG (Beck 

et al., 2015; Nutt et al., 2011; Schaafsma et al., 2003).  

In contrast to automatic motor control, controlled processing requires conscious control, and 

involves the conservation and stabilization of goal representations in working or prospective 

memory and the ability to update these goal representation flexibly when required (Cools, 

2008). It has been suggested that the interaction between automaticity and the loss of 

controlled cognitive processes could contribute to FOG (Vandenbossche et al., 2013).  

During complex response situations, due to the loss of motor automaticity, Freezers would 

require more conscious control for processing gait, which could overwhelm limited 

resources, leading to FOG (Vandenbossche et al., 2013).  

To investigate the neural underpinnings that underlie increased cognitive load as a trigger of 

FOG, one study has used a VR paradigm to manipulate cognitive load while patients were 

asked to navigate a virtual reality environment in the scanner by alternating the depression of 

foot pedals (Shine, Matar, Ward, Bolitho, Pearson, et al., 2013).  Findings indicated that in 

high cognitive blocks while walking in VR, both PD Freezers and non-Freezers showed 

increased recruitment of the dorsolateral prefrontal cortex, posterior parietal cortices, pSMA 

and extra-striate visual areas (Shine, Matar, Ward, Bolitho, Pearson, et al., 2013). Together 

these areas form the cognitive control network (CCN) (Cole & Schneider, 2007), which has 

been found to co-activate when conducting a variety of executive tasks (Wager et al., 2004), 



 58 

and during goal-directed actions (Redgrave et al., 2010). However Freezers compared to non-

Freezers had less activation in the anterior insula, ventral striatum and STN when responding 

to high cognitive load cues whilst successfully maintaining their motor output (Shine, Matar, 

Ward, Bolitho, Pearson, et al., 2013). These are major regions within the CCN, where the 

anterior insula and ventral striatum are part of the mesolimbic frontostriatal loop involved in 

decision-making tasks (Matthews et al., 2004), and ongoing feedback processing (Knutson et 

al., 2003).  These results indicate that Freezers have deficits in rapid-decision making 

abilities, being unable to switch between motor and cognitive neural networks (Shine, Matar, 

Ward, Bolitho, Pearson, et al., 2013).   

Another study that used the same VR paradigm in the fMRI setting and investigated 

connectivity between regions involved in FOG during dual-tasking (Shine, Matar, Ward, 

Frank, et al., 2013).  This study found that Freezing episodes elicited during dual tasking 

were associated with functional decoupling between the cognitive control network and the 

basal ganglia network in Freezers but not in non-Freezers (Shine, Matar, Ward, Frank, et al., 

2013). This suggests that functional decoupling within the frontostriatal network could result 

in FOG, and these networks are involved in mediating goal-directed and flexible behaviours 

(Spreng et al., 2010). In this study, all PD patients showed less activation in the basal ganglia 

during the OFF compared to ON medication states, where all patients could recruit both the 

motor network and CCN during increased cognitive load (Shine, Matar, Ward, Frank, et al., 

2013). However, only Freezers were unable to sustain activation in the motor network or 

basal ganglia network during these periods, particularly in the OFF-medication state (Shine, 

Matar, Ward, Frank, et al., 2013). This could have led to the increased frequency of motor 

arrests during high cognitive load trials, which was more prevalent in the OFF-medication 

state than ON. These findings suggest that functional decoupling of frontostriatal regions 

could indicate a breakdown in information processing regarding goal-directed behaviours and 
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processing of conflict signals. This could then trigger FOG, as the impaired connectivity 

leads to the loss of inhibitory control over basal ganglia output regions, which could inhibit 

regions in the locomotor controlling regions of the MLR such as the PPN (Lewis & Barker, 

2009; Pahapill, 2000; Shine, Matar, Ward, Bolitho, Gilat, et al., 2013).  

Taken together, the loss of automaticity in freezers results in an increased reliance on 

controlled cognitive control processes (Vandenbossche et al., 2013). In dual tasking 

situations, additional resources are required to switch between neural networks, and these 

processes are hampered in Freezers (Freezers without sufficient cortical and attentional 

resources especially in the OFF state, decoupling between CCN and basal ganglia) which 

could lead to FOG (Shine, Naismith, et al., 2013; Vandenbossche et al., 2011, 2012). In 

addition, frontoparietal regions have also been implicated in executive and attentional 

functioning (Shine, Naismith, et al., 2013; Vandenbossche et al., 2011, 2012). Cognitive 

training meant to improve frontostriatal processing was found to improve severity of FOG in 

the ON but not the OFF-medication state, suggesting that in the OFF state, Freezers do not 

have sufficient resources to benefit from changes (Walton et al., 2018). Hence, impaired 

frontostriatal regions could affect the executive and attentional functioning required to 

process cognitive information and gait, where dopaminergic medication could modulate 

changes in connectivity to improve FOG (Walton et al., 2018). 

1.3.5. Anxiety and FOG 

In addition to anxiety being a predictive factor for the development of FOG (Martens et al., 

2016), studies have also found that anxiety can trigger freezing episodes. The role of anxiety 

in provoking FOG has been reported when panic attacks were observed in patients before and 

after freezing episodes (Lieberman, 2006b). Physiological measures of anxiety such as heart 

rate have also supported the association between FOG and anxiety, where heart rate increases 
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have been reported prior to and during FOG (i.e., turning, walking with time limits) (Maidan 

et al., 2010). Heart rate (HR) is a widely recognised marker of autonomic nervous system 

activation. Thus, the increase in heart rate before and during FOG presumably reflects a state 

of heightened arousal reflecting cardiovascular reactivity in the sympathetic system, as 

opposed to the reduction in HR when there is more parasympathetic control (Maidan et al., 

2010). Although this work provided circumstantial evidence relating sympathetic activation 

(increased HR) and FOG, but clear evidence of the causal relationship between anxiety and 

freezing was not presented. 

More recent work has utilised virtual reality to evoke anxiety through a ‘plank paradigm’, 

where Freezers were instructed to walk across narrow planks displayed at different elevations 

(high and low) above the ground within the virtual environment (Ehgoetz Martens et al., 

2014). The low threat condition was represented by a plank located on the ground, and the 

high threat environment was a plank located above a deep pit (Ehgoetz Martens et al., 2014). 

Participants put on a virtual reality helmet, which was a wireless VR head mounted display 

system that enabled real-time tracking. In order to obtain their gait parameters while 

physically walking with the headset on, participants walked across a pressure sensitive gait 

mat. Percentage of time spent frozen, which has been found to be the most reliable measure 

of FOG ( Morris et al., 2012), was the main outcome measure in this study. Findings revealed 

that compared to non-Freezers, Freezers reported higher anxiety levels in the high versus low 

threat condition, thus validating the anxiety provoking effect of the paradigm. Freezers also 

showed a significantly higher number of FOG episodes and spent a higher percentage of the 

trial spent frozen in the high compared to low threat conditions. In the high threat condition, 

Freezers compared to non-Freezers had higher variability in step length as recorded by the 

pressure mat. These results established the causal and triggering effects of anxiety on 

freezing of gait.  
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Included in Appendix 2.1 is my work as a co-author on a study that sought to extend these 

findings by using a similar plank paradigm to identify whether changes in heart rate preceded 

freezing behaviour (Economou et al., 2021). In this study, increases in heart rate were 

observed prior to freezing in the high threat but not in the low threat condition. Furthermore, 

when the study divided patients into anxious and non-anxious Freezer subgroups, only the 

anxious group showed significant increases in HR 5-6 seconds prior to FOG during the high 

threat condition. These findings support the notion that the HR increases observed in Freezers 

are likely due to anxiety occurring prior to freezing with a concomitant increase in 

sympathetic outflow operating via its noradrenergic pathways (Economou et al., 2021).  

In Appendix 2.1, I have also included work that I was involved with to explore the role of 

noradrenergic pathways, anxiety and FOG (Taylor et al., 2022). In this study, a task-based 

fMRI was conducted using a virtual reality threat paradigm to elicit anxiety and freezing of 

gait, as 26 PD Freezers navigated the VR environment with foot pedals in an MRI scanner. In 

addition, a group of patients from this sample also performed pupillometry whilst conducting 

the VR assessment outside of the scanner. The study found that high threat conditions elicited 

higher levels of anxiety in Freezers than the low threat condition. Furthermore, a 

dysfunctional basal ganglia circuitry was observed in the high threat condition compared to 

the low, where increased dynamic cross-talk was observed with the subcortex. Increased 

integration was observed across several cortical networks during the high threat condition, 

where limbic interference could result in higher levels of integration across cortical networks. 

Increased integration across normally segregated cognitive, motor and limbic networks could 

result in competing inputs on the basal ganglia circuitry that might lead to FOG (Lewis & 

Barker, 2009). The pupillometry findings in this study, also revealed increased pupil dilation 

during high threat conditions, which suggests there was heightened sympathetic arousal due 

to increased anxiety, which could lead to increased noradrenergic responses in the brain. 
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These findings are aligned with previous computational studies that found increased 

noradrenergic response due to heightened sympathetic arousal that could integrate the brain 

(Munn et al., 2021; Shine et al., 2018). The study concluded that increased cross-talk between 

distributed cortical networks as a result of heightened sympathetic arousal in anxiety 

inducing situations could result in freezing episodes. 

1.4 Factors that Alleviate Freezing of gait 

 

1.4.1. General overview of sensory cueing for rehabilitation  

Rehabilitation represents the most common strategy to overcome FOG, typically 

incorporating compensatory methods like sensory cueing (Peterson et al., 2016). Cueing 

refers to the use of external stimuli, which provide temporal (when a movement should be 

executed) or spatial (where movements should be guided) information to facilitate gait 

(Young et al., 2016). Many cueing studies utilising visual, auditory, and somatosensory 

(tactile) cues have found improvements in gait parameters and a reduction in FOG (Bagley et 

al., 1991; Morris et al., 1994; Rubinstein et al., 2002), although the mechanisms behind the 

effectiveness of these methods remains unclear. For example, it has been proposed that 

Freezers are highly dependent on vision to guide movement in order to compensate for faulty 

proprioceptive feedback (Beck et al., 2015). Studies that have examined the effectiveness of 

visual cues (i.e., lines provided on the floor) during walking found that Freezers improve 

their stride length and showed a reduction in episodes of FOG (Beck et al., 2015; Lewis, 

2000). Additionally, deficits in temporal processing have been identified in PD (Ashoori et 

al., 2015) and Freezers compared to non-Freezers show more disruption across internally 

cued rhythmic timing and movements (Tolleson et al., 2015). Studies that have used rhythmic 

auditory cues (fixed metronome frequency) found that Freezers showed reduced incidence 
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and duration of FOG when auditory cues were provided (Arias & Cudeiro, 2010; Rutz & 

Benninger, 2020).  

 

Finally, proprioception has also been found to be impaired in Freezers (Ehgoetz Martens et 

al., 2013), and tactile cues with muscle vibrations aimed at providing proprioceptive inflow 

to the central nervous system (Roll & Vedel, 1982), have also been used to improve FOG. 

This method has led to gait improvements in both PD Freezers and non-Freezers 

(Muthukrishnan et al., 2019).  Tactile cues delivered by applying bilateral alternate vibration 

to the back muscles (i.e., erector spinae) and leg muscles (tibialis anterior and soleus) have 

led to improvements in velocity, stride length and cadence in PD patients when walking (De 

Nunzio et al., 2010). These cues have also been effective in Freezers where episodes of FOG 

were found to be reduced when vibration devices were placed on their calves (Pereira et al., 

2016). Tactile cues being presented through closed loop cueing using phase dependent 

vibration biofeedback to the foot and open loop cueing in which a fixed auditory tone used at 

a singular pace were both effective in alleviating FOG and improving turning smoothness 

(Mancini et al., 2018). 

In general, cueing strategies are proposed to shift the defective habitual motor control of 

Freezers to a goal-directed form of motor control (Redgrave et al., 2010). Evidence has 

suggested that highly automated and self-paced movements are compromised in PD, whereas 

goal-directed and externally-paced movements are relatively intact (Redgrave et al., 2010; 

Torres et al., 2011). As diverting attention away from a task, such as dual tasking provokes 

FOG, compensatory methods that focus on conscious control and directing attention to gait 

could reduce freezing (Beck et al., 2015). When cueing during dual tasking was examined in 

Freezers, cueing was observed to be able to reduce FOG (Mancini et al., 2018). One possible 

mechanism behind this response would be that the provision of sensory cues facilitates a 
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cognitive or motor response generation, through focusing attention on the task by exerting an 

executive role (Ginis et al., 2018). The reduction in automation due to impairments in the 

sensory striatum could have exerted increased demands on the indirect route which involves 

the prefrontal cortex (Wu et al., 2015). Cueing could possibly improve freezing through 

enhancing sensory integration thereby reducing demands on cortical control and attention 

(Mancini et al., 2018). 

Cues could have a role in stabilising the gait pattern by re-integrating postural control with 

stepping (Ginis et al., 2018) or through the reduction of conflict resolution where deficits in 

the inhibition of unwanted or irrelevant responses occur (Vandenbossche et al., 2011, 2012). 

Freezers have shown increased variability when deciding which swing limb to utilise, 

suggesting that deficits in response selection could interfere with motor output (Okada et al., 

2011b). Motor and cognitive shifts in response control are modulated by the frontostriatal 

circuitry, which are known to be affected in Freezers. Thus, sensory cues could aid in the 

prioritisation of responses when under conflict, which is supported by data from studies that 

have demonstrated the benefits of cueing during dual-tasking (Nanhoe-Mahabier et al., 2012; 

Spildooren et al., 2012).  

With the development of wearable technology in the future it could potentially be possible to 

provide continuous ‘intelligent’ cueing in any setting, on demand to improve gait (Gilat et al., 

2021). This method of cueing would only provide cueing when information of deteriorated 

performance is received, this could reduce cue dependency and potentially increase retention 

of gait improvement (Ginis et al., 2018). 
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1.4.2. Visual cues and feedback 

PD patients have been found to be particularly reliant on visual information during movement 

(Klockgether & Dichgans, 1994). Without visual guidance, they exhibit deficits in producing 

accurate movement to external targets and show impairments in utilising non-visual 

proprioceptive information to guide movement (Jobst et al., 1997; Zia et al., 2000). Cueing is 

when external information is provided in a feedforward manner to guide movement, while 

feedback is providing information of ongoing movement or information after motor 

performance (Ginis et al., 2018).  

One study has investigated whether sensory information from the environment and self 

(body-related) could influence gait and freezing (Ehgoetz Martens et al., 2013). Freezers 

were asked to walk through a doorway in the dark (with prior knowledge of the doorway) 

under a variety of conditions including i) with the door frame illuminated (environmental 

frame of reference), ii) through the doorway with both the door and their limbs illuminated 

(body-related visual feedback), iii) walk away from the doorway into open space in the dark 

and iv) walk into open space with their limbs illuminated (Ehgoetz Martens et al., 2013). 

Findings revealed that the most FOG episodes were elicited when patients walked towards 

the doorway in darkness compared to walking into open space. FOG was also reduced when 

the limbs were illuminated, enabling vision to enhance proprioception. This finding indicated 

that Freezers were unable to construct an appropriate model of self-motion without a visual 

frame of reference (Ehgoetz Martens et al., 2013). Additionally, in the study when body-

related visual feedback was removed, Freezers had to rely solely on proprioception and as a 

result they experienced more FOG than when their limbs were illuminated (Ehgoetz Martens 

et al., 2013). This suggests that sensory processing deficits affect FOG, and the absence of 

vision could result in a greater cognitive load to integrate and monitor proprioceptive 
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information (Ehgoetz Martens et al., 2013). Visual cueing or feedback could provide spatial 

information to guide movements that may enable PD patients to bypass the defective basal 

ganglia and utilise cerebellar circuits that are more intact for gait (Glickstein & Stein, 1991). 

Another study that supported these findings examined the effect of visual feedback occlusion, 

dual-tasking and visual cues in Freezers and non-Freezers to find out whether sensorimotor 

and cognitive mechanisms contribute to FOG (Beck et al., 2015). In this study, more 

freezing, increased step length variability and double support time (DST) variability was 

observed when vision of lower limbs was removed (Beck et al., 2015).  This suggests greater 

sampling of proprioceptive behaviour (Almeida et al., 2005) and that the restriction of visual 

feedback may increase reliance on defective proprioceptive processing in Freezers (Beck et 

al., 2015). Ocular gaze findings from this study further supported this notion, where Freezers 

during lower limbs occlusion trials, showed significantly less percentage of gaze fixation 

duration towards the doorway compared to non-Freezers, despite the majority of their gaze 

fixation directed toward the travel path (Beck et al., 2015). This indicates that restricted 

sensory feedback leads to an increased reliance on impaired proprioception impacting input 

from sensorimotor regions to the striatum, which would disrupt the original motor plans 

resulting in gait deficits (Ehgoetz Martens et al., 2013). Interestingly, visual cues were able to 

improve gait even when Freezers were dual-tasking and had their lower-limb vision 

restricted. As gait improved despite restricted visual feedback and increased attentional 

demand, visual cues could provide upcoming information that assists in forming a feed 

forward plan (Almeida et al., 2005; Knobl et al., 2012). Freezers showed a similar gaze 

fixation duration toward the pathway as non-Freezers who presumably would be able to form 

more effective feed forward plans (Beck et al., 2015). However, despite improvements in 

gait, FOG was not improved when vision of the lower limbs was occluded or during dual 

tasking. Hence, as visual cues were able to reduce FOG even under dual-tasking conditions, 



 67 

divided attention may not be the sole underlying factor behind FOG (Beck et al., 2015). 

Overall, sensory (visual) and attentional (dual tasking) manipulations were able to influence 

gait, and an overload of processing resources could affect motor output resulting in FOG.  

1.4.3. Limitations of sensory cueing and feedback 

Many studies have reported the positive effects of sensory cueing on gait, however, the 

reduction of FOG is not sustained (Ginis et al., 2018). Furthermore, when cueing is removed,  

Freezers commonly revert to their original gait patterns and freezing frequency (Spildooren et 

al., 2012). This suggests that the external generation of stepping movements through cueing 

rather than the spatial-temporal correction of motor behaviours underlies the reduction of 

FOG achieved by cueing (Spildooren et al., 2012). It is also possible that the benefits of 

cueing could be due to the mode of external movement generation it offers, which bypasses 

the deficits in automaticity that have been reported in Freezers (Hallett, 2008). Furthermore, 

gains from cueing seem unable to be retained or transferred onto task performance when cues 

are removed. One such study trained PD patients in handwriting using a motor training 

program that involves visual target zones that acted as visual cues (Heremans et al., 2016). 

Findings indicated that significant handwriting improvements (increases in amplitude and 

reductions in variability) were observed after the training program.  However, retention of 

this improvement was only observed in non-Freezers but not in Freezers (Heremans et al., 

2016). Freezers also showed more cue dependency compared to non-Freezers, where 

handwriting worsened when cues were not present (Heremans et al., 2016). This suggests that 

impaired executive functioning could underlie some of the difficulties in retention and 

transference in Freezers due to an insufficient cognitive reserve, which would reduce the 

benefits of cueing (Heremans et al., 2013). Greater understanding behind the precise 

mechanisms of sensory cueing and feedback is required to improve treatment methods using 

this approach.  
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In addition, anxiety has also been found to confound the benefits of cueing in PD patients. 

One study has previously investigated the effects of sensory visual feedback of participant’s 

lower body movement during anxiety provoking situations in PD patients (Ehgoetz Martens 

et al., 2015). In that work, PD patients and controls were asked to walk in a high threat (plank 

located above a deep pit) and in a low threat (plank located on the ground) virtual reality 

environment (Ehgoetz Martens et al., 2015). Visual feedback was provided through real time 

lower limb visual feedback, where in the virtual environment an avatar of their lower limbs 

was shown and updated in real-time (Ehgoetz Martens et al., 2015). In the low threat 

environment, the majority of patients could utilise visual feedback to improve gait in their 

OFF-medication state. Both healthy controls and low anxiety PD patients altered their step 

width in the low threat condition in response to visual feedback. However, highly anxious PD 

patients did not. Moreover, during high threat trials, highly anxious PD patients were unable 

to utilise visual feedback to adjust their step width, whereas low anxiety patients were able to 

alter their step-width with visual feedback (Ehgoetz Martens et al., 2015). Importantly, 

during both high and low threat situations, low trait anxiety PD patients and healthy controls 

were able to utilise visual feedback to reduce step time variability, however highly anxious 

PD patients could only do so in the low threat condition (Ehgoetz Martens et al., 2015). As 

step time variability has also been suggested to reflect dual-task interference on gait 

(Rochester et al., 2014; Springer et al., 2006; Yogev et al., 2005), these findings suggest that 

anxiety in PD influences gait by consuming shared resources that are depleted in PD patients, 

leaving them less able to use sensory feedback, in particular body-related visual feedback to 

improve gait (Ehgoetz Martens et al., 2015). As attentional resources are often biased 

towards threatening stimuli in high anxiety situations, the compensatory resources required to 

overcome sensory and perceptual deficits could be consumed by processing this threat 

(Ehgoetz Martens et al., 2015; Eysenck et al., 2007). PD patients that are highly anxious are 
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also more susceptible to information processing interference. Hence, in highly anxious 

situations they are unable to utilise visual feedback to improve gait (Ehgoetz Martens et al., 

2015). Interestingly, when dopaminergic medication was administered, it was found to 

significantly reduce step time variability in highly anxious patients when visual feedback was 

provided in both high and low threat conditions, it also reduced their self-reported anxiety 

levels (Ehgoetz Martens et al., 2015). Thus, although anxiety interferes with the utilisation of 

visual feedback to improve gait, dopaminergic medication may be able to enhance 

information processing to support the visual feedback that can improve gait (Ehgoetz 

Martens et al., 2015). 

1.5 Models of Freezing of gait 

An appreciation of the precipitating and alleviating factors associated with FOG has informed 

several models that have been proposed to explain the pathophysiology underlying this 

debilitating symptom of Parkinson’s disease.  Recently, Nieuwboer and Giladi (2013) have 

identified four of the main models outlined below.  

 

1.5.1. Decoupling model 

The decoupling model proposed that freezing episodes occur due to the disconnection 

between pre-planned motor programs and motor response (i.e., releasing of an inherent 

movement or a step when initiating gait) (Jacobs et al., 2009). This mechanism was observed 

in patients during automatically elicited responses when in a study where platform 

perturbations that were intended to elicit an automated compensatory stepping action for 

patients to keep their balance showed that Freezers had multiple inadequate anticipatory 

postural adjustments (Jacobs et al., 2009). This disturbance in integrating postural preparation 

to initiate going from stepping to the swing phase of stepping could potentially explain some 

aspects of FOG. The authors asserted that ‘trembling in place’ at the knees and many 
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alternating anticipatory postural adjustments could possibly represent compensatory 

movements to select the stepping motor program.  

 

It is known that gait and posture adjustments can be triggered or hastened by stimuli that 

elicit the startle reflex, and the speed of response to these stimuli has been termed the 

StartReact reaction (Thevathasan et al., 2011). A study that examined automatic movement 

initiation found that Freezers had a delayed startle response in their abdominal axial muscles 

in response to loud auditory stimuli, which is analogous to the start hesitation observed in 

FOG (Thevathasan et al., 2011). Those authors proposed that the decoupling model could 

account for this as the delayed startle reflex may represent the lack of pre-programmed 

response reaction (Thevathasan et al., 2011). In addition, stimulation of the pedunculopontine 

nucleus, that is involved in the initiation of gait, restored this startle response in Freezers 

(Thevathasan et al., 2011).  

 

Whilst this Decoupling model might explain some of the features observed in FOG, freezing 

occurs in many situations that do not require shifts in postural adjustments, such as when 

anxiety or increased cognitive load triggers an event (Ehgoetz Martens et al., 2015; 

Spildooren et al., 2010). Furthermore, studies conducted in VR where participants are sitting 

or lying down whilst depressing foot pedals do not require balance or APA, yet these 

participants demonstrated similar features to those observed in actual gait amongst Freezers, 

such as step time variability and longer start hesitations (Georgiades, Gilat, Ehgoetz Martens, 

et al., 2016; Gilat et al., 2013). 
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1.5.2. Threshold model 

The threshold model considers the transient episodic nature of FOG and explains this by 

suggesting that imposed temporal or spatial motor changes in the same motor effectors will 

accumulate until it reaches a threshold of instability in coordination (Plotnik et al., 2012). It is 

known that Freezers exhibit significant gait deficits including bilateral coordination and 

reduced stride amplitude compared to non-Freezers (Hausdorff et al., 2003; Plotnik et al., 

2008). This model proposes that when trying to adjust motor function, such as when turning, 

there may be a deterioration in coordinating bilateral movements until reaching a threshold, 

beyond which the systems breakdown, resulting in FOG (Giladi & Nieuwboer, 2008; Plotnik 

et al., 2012). The model would also predict that FOG would be precipitated when vital 

dysfunctions in gait are amplified, such as intentionally reducing stride length or increasing 

cadence, both of which have been shown to provoke freezing (Chee et al., 2009; Hausdorff et 

al., 2003). In addition, wearing off has been found to be associated with worse gait 

parameters such as more asymmetric gait, which could also contribute to gait instability. 

Furthermore, the model accounts for turning as a trigger for FOG, as this task requires 

adjustment of bilateral coordination and step length, which could lead to an accumulation of 

gait deficits that results in a freeze (Spildooren et al., 2010).   

However, this model does not fully encompass start hesitation as motor inhibition occurs 

before the onset of a step, without encountering any circumstance that could exaggerate gait 

deficits. However, the model argues that in situations like start hesitation, malfunctions in 

gait parameters influence the propensity of FOG, where the motor system is unable to raise a 

specific gait parameter to a functional level, which affects other gait features resulting in the 

increased risk of FOG (Plotnik et al., 2012). Dual-tasking involves attentional shifts and this 

model argues that as gait features have been found to be deteriorated during dual-tasking 

(Canning et al., 2008; Yogev-Seligmann et al., 2012), dividing attention could push gait into 
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a non-functional zone, which triggers FOG (Plotnik et al., 2012). However, in virtual reality 

studies where patients are seated and many gait features were not present (i.e., dynamic 

postural control) freezing has still been successfully elicited.  

1.5.3. Cognitive model 

The cognitive model of FOG proposed that freezing occurs due to impaired executive 

functioning, in particular, conflict resolution capabilities in situations that require a response 

decision (Vandenbossche et al., 2011). The competition for common central processing 

resources that is depleted in Freezers could induce FOG (Vandenbossche et al., 2013). In 

regular circumstances, when a decision must be made, an individual would inhibit premature 

actions and delay selection of a response until the conflict is resolved. However, in Freezers, 

due to deficits in processing response to conflict, they will impose a fast response but with 

more incongruence, which triggers freezing of gait. Selection of responses and inhibiting 

unwanted reactions entails both conscious control and automated mechanisms (D’Ostilio & 

Garraux, 2012). Gait automation has been found to be impaired in Freezers and conscious 

control requires additional resources, which due to dopaminergic depletion, resources needed 

would be more reduced in Freezers (Hackney & Earhart, 2010; Vandenbossche et al., 2013). 

Freezers have been found to have greater incorrect responses and less suppression of correct 

responses that are conflicting during incongruent trials whilst performing a congruency task 

(e.g., Stroop test) (Vandenbossche et al., 2012). In addition, motor arrests in one study, 

triggered by incongruent response decisions were associated with the inability of Freezers to 

successfully recruit certain brain regions including the anterior insula and ventral striatum, 

which have been implicated with action selection and response inhibition (Shine, Matar, 

Ward, Bolitho, et al., 2013). Although this model successfully accounts for situations where 

FOG is triggered due to cognitive events, other common freezing situations such as turning 
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and start hesitation are not so easily accommodated (Shine, Matar, Ward, Bolitho, et al., 

2013). 

1.5.4. Interference model 

The models mentioned above have typically focused on impairments in a single domain (e.g., 

motor or cognition). However, FOG appears far more complex given the triggers and 

alleviating factors highlighted above (Lewis & Barker, 2009). The interference model 

(originally described as the neural reserve hypothesis or cross-talk model) posits that FOG 

occurs when concurrent information from cognitive, limbic, and motor loops overwhelms the 

processing capacity of the dopamine depleted striatum in PD Freezers, this overloads the 

system and provokes motor arrests (Lewis & Barker, 2009). The authors argue that reduction 

in resources in basal ganglia circuits leads to increased cross-talk, and integration between 

functionally segregated loops (Alexander et al., 1986;  Lewis & Barker, 2009). The 

appropriate balance of these parallel neural networks is lost due to reduction in striatal 

dopamine, which results in the over-activation of the output nuclei of the globus pallidus 

internal and substantia nigra pars reticulata. This in turn causes an inhibition on the PPN and 

the thalamus, inhibiting ascending and descending pathways, which leads to motor arrest 

(Lewis & Barker, 2009).   

 

This model placed an emphasis on the role of dopamine in the striatum causing functional 

deficits and affecting the integrative processes of the basal ganglia (Lewis & Barker, 2009). 

Studies have found that FOG is worse when patients are OFF dopaminergic medication, and 

medication could improve this symptom (Fietzek et al., 2013; Gilat et al., 2013). This model 

also incorporates cognitive factors and many studies have found that increasing cognitive 

load aggravates FOG (Beck et al., 2015; Shine, Matar, Ward, Bolitho, et al., 2013). It also 

includes the limbic system, where studies have found that anxiety provokes FOG and there is 
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evidence for a dysfunctional limbic system in PD Freezers (Economou et al., 2021b; Ehgoetz 

Martens et al., 2014; Gilat et al., 2018). Furthermore, it accounts for when environmental 

cues, such as approaching doorways trigger FOG. Due to the reduction in gait automaticity, 

PD Freezers require additional resources for conscious gait control (Spildooren et al., 2010). 

The model highlights that resources are sparse due to reduction in striatal dopamine, hence 

encountering triggering environmental cues that require deliberate control of gait could 

induce motor arrests.  

 

1.5.5. Freezing of gait subtypes 

As different situations have been found to provoke freezing of gait, work has explored the 

possibility of specific trigger subtypes of FOG that may exist (Ehgoetz Martens, Shine, et al., 

2018). The Characterisation of Freezing of Gait Subtype Questionnaire identified three 

distinct subtypes, i) asymmetric-motor, ii) anxious and iii) sensory attention that highlighted 

the dominant situation where individual patients were most susceptible to FOG (Ehgoetz 

Martens, Shine, et al., 2018). Potentially these phenotypes represent Freezers with different 

dysfunctions upstream, where distinct pathological mechanisms could overwhelm the 

affected neural circuitry regulating gait that is relatively exclusive to each subtype (Snijders 

et al., 2016). Hence, the susceptibility to unique situations that provoke FOG should be 

linked to brain circuitries related to the phenotypic expression. For instance, an anxious 

Freezer may be more vulnerable to limbic interferences affecting the processing capacity of 

the striatum, leading to FOG (Ehgoetz Martens, Shine, et al., 2018). The identification of 

unique phenotypes of freezing of gait could enhance symptom management and treatment 

methods. Indeed, Chapter 3 of the current thesis has examined the association between 

anxiety levels and responsiveness to levodopa in Freezers in the limbic network circuitry. 



 75 

In addition, the neural signatures of the heterogeneity of FOG have been examined in another 

study by investigating specific regions in the brain connected during freezing episodes 

compared to successful VR gait (Ehgoetz Martens, Hall, et al., 2018). The study assessed 

freezing signatures that are related to the severity of FOG and whether these behavioural 

signatures of FOG are associated to their neural underpinnings. Freezers in this study 

navigated a VR environment while lying supine in the scanner, the VR environment 

presented consisted of a straight corridor in which salient environmental triggers (i.e., narrow 

doorway) and tasks that increase cognitive load (i.e., modified Stroop task, incongruent 

words) was presented at random to elicit FOG. Overall, freezing episodes compared to 

successful gait showed a disruption in connectivity between cortical and striatal regions and a 

loss of specificity and segregations were observed between cortico-striatal pathways 

(Ehgoetz Martens, Hall, et al., 2018). Connectivity between regions that were associated with 

freezing severity was obtained and decomposed into three variables that were often found to 

be associated with FOG. These were categorised using step-time variability for the motor 

domain, TMT-B (set-shifting) for the cognitive domain and HADS total for the limbic 

domain, which formed the component signatures of FOG (Ehgoetz Martens, Hall, et al., 

2018).  

In the motor component, worsened step time variability was associated with disruptions in 

connectivity within the striatum, mainly involving the putamen. While reduced variability 

was associated with reduced connectivity between the CCN, motor network and intra-striatal 

nuclei, and anti-coupling between the cortex and putamen (Ehgoetz Martens, Hall, et al., 

2018). It was postulated that these findings reflected the loss of motor automaticity due to 

dopamine depletion in the dorsal striatum. It has also been suggested that the attentional 

network and CCN compensate for the control of coordinated movement (Wu & Hallett, 

2005). Thus, the loss of dorsal striatal dopamine appears related to increased step time 
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variability, and there could be a compensatory shift where the ventral striatum with less 

severe dopamine depletion is recruited to improve cortico-striatal processing for movement 

control. In addition, worse step time variability was associated with a reduction in top-down 

control of movement from the CCN and motor network. Previous work supports these 

findings where greater movement variability was associated with increased intra-striatal 

connectivity (Gilat et al., 2017) and greater frontal region activations (Wu & Hallett, 2005). 

In the cognitive signature, worse scores on set shifting were associated with increased 

coupling between the cerebellum and caudate, and ventral striatum and cortical limbic 

regions. Whereas greater cognitive flexibility was associated with coupling between the 

limbic network and CCN, and reduction in coupling between the cortex and striatum 

(Ehgoetz Martens, Hall, et al., 2018). Furthermore, in Freezers, anxiety was found to be able 

to modulate set-shifting abilities. Hence, increased connectivity within the limbic-cortico-

striato pathway was related to worse set shifting scores, while increased top-down control 

over the limbic network was associated with more cognitive flexibility (Ehgoetz Martens, 

Hall, et al., 2018). 

In the limbic component, worse anxiety and depression scores were associated with increased 

coupling between the motor network and caudate nucleus, as well as increased coupling 

between cortical limbic network and the CCN (Ehgoetz Martens, Hall, et al., 2018). 

Furthermore, anti-coupling within the putamen, between the putamen and dorsal caudate, and 

between the motor network and subcortical limbic network was also associated with greater 

affective deficits. These findings could suggest that increased limbic network input may 

interfere with basal ganglia processing through increased ‘limbic load’(Ehgoetz Martens et 

al., 2014). Due to the loss of segregation in the striatum, regions not in the basal ganglia 

motor loop (i.e., ventral striatum), could be used for motor processing, which may lead to 
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problems in anxious individuals who have excess activation of the limbic network. Greater 

affective disturbances were associated with mainly the motor network connectivity compared 

to limbic connectivity. Similar to the motor and cognitive signatures, less affective 

disturbances were associated with anti-coupling between cortical and striatal regions (i.e., 

putamen, CCN and cortical limbic network, CCN and dorsal caudate) (Ehgoetz Martens, 

Hall, et al., 2018). It was also linked to anti-coupling between the cortical and subcortical 

limbic regions and motor network, and other cortical-striatal regions. This could suggest that 

anxiety in PD is related to movement control deficits.  

Overall, the findings from this study suggest the possibility that certain neural signatures 

relate to specific behavioural correlates (e.g. anxiety, cognition and motor components) of 

freezing (Ehgoetz Martens, Hall, et al., 2018). These results also align with the interference 

model where cross-talk between complementary yet competing cognitive, limbic and motor 

loops could overload the processing capacity of the striatum in Freezers leading to FOG 

(Lewis & Barker, 2009). 

1.6 Investigating Freezing of Gait   

 

1.6.1. Neurophysiology  

Electroencephalography  

Electroencephalography (EEG) is useful in the investigation of FOG as it has high temporal 

resolution, which should enable the accurate detection of brief neural responses during 

episodes of freezing (Handojoseno et al., 2012; Shine et al., 2014; Thevathasan et al., 2012). 

As FOG is not only characterised by motor arrests but also the intention to move (motor 

initiation) there are a number of studies that have examined readiness potentials (Nieuwboer 

& Giladi, 2013). One study investigated lateralised readiness potential (LRP) (movement-

related cortical potential that precedes either goal-directed or voluntary movement) that is 
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related to cued response using a target response detection task (Butler et al., 2017). 

Participants performed a two-stimulus odd ball task that involved not responding to a vertical 

stimulus presented for the majority of the time, and only responding to a rotated stimulus,  

whilst EEG data was collected (Butler et al., 2017).  Findings revealed that Freezers 

compared to non-Freezers showed a larger amplitude and earlier onset of LRP. This suggests 

that there is excessive recruitment of the lateral premotor area in Freezers to compensate for 

deficits in the supplementary motor area (SMA), which could have occurred due to the loss 

of motor automaticity (Cunnington et al., 1995; Praamstra et al., 1996).  

 

Several approaches have been utilised to evaluate neural patterns from EEG including 

frequency band evaluations (Handojoseno et al., 2015), event-related synchronization (ERS) 

and desynchronizations (ERD) (Blandini et al., 2000), as well as using information flow to 

determine the relationship between physical manifestations and neural occurrence (Marquez 

et al., 2020). Typically, EEG theta rhythms are associated with cognition (Singh et al., 2018; 

Wagner et al., 2016) and beta rhythms with motor activity (Singh et al., 2013; Singh, 2018). 

One study investigated EEG oscillations during lower limb motor execution (lower-limb 

pedalling motor task), which involved intentional initiation and restriction of movement. 

Findings indicated that compared to non-Freezers, Freezers showed reduced mid-frontal theta 

power, which is associated with cognitive control impairments (Walton et al., 2018), and 

increased beta power associated with interactions between the basal ganglia and frontal 

regions (Singh et al., 2011; Toledo et al., 2014). Furthermore, another study that investigated 

the electrophysiological signature when transitioning from normal walking to FOG has found 

an increased in theta-band power during freezing episodes within the central and frontal leads 

(Shine et al., 2014). This  that frontoparietal processing of conflict related signals are 

associated with FOG (Bartels et al., 2006). Additionally, during the transition from walking 
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to freezing, there was an increase in beta activity across the parietal area, suggesting that 

frontal generated motor plans were unable to reach the motor cortex resulting in FOG 

(Handojoseno et al., 2014).  

 

Deep Brain Stimulation 

Toledo et al., (2014) investigated STN local field potentials (LFPs) obtained from deep brain 

stimulation (DBS) electrodes to examine whether high or lower frequency components of the 

beta band were associated with FOG in PD in the OFF and ON dopaminergic medication 

states. The results found that greater high beta activity in the OFF medication state was found 

in the STN in Freezers compared to non-Freezers (Toledo et al., 2014). Whereas during the 

ON medication state, Freezers showed a reduction in high-beta power and an amelioration of 

FOG (Toledo et al., 2014). The highest coherence was observed in the high-beta activity 

within the midline cortex that corresponded to SMA, cingulate cortex and the primary motor 

cortex coherence. In contrast, the low-beta coherence was highest only in the lateral primary 

motor cortex region. This suggests that FOG could have resulted from malfunctions of the 

frontal cortex basal ganglia network through the motor and associative STN loops (Toledo et 

al., 2014). 

 

Another study has investigated the neural features of the STN in Freezers and non-Freezers 

during walking and FOG. This work recorded synchronised STN LFPs and quantitative 

kinematics during stepping in place, normal forward walking and a gait task that involves 

turning and barriers to elicit freezing (Syrkin-Nikolau et al., 2017). All PD patients had 

bilateral implants of DBS leads in the sensorimotor region of the STN and multi-pass 

microelectrode recording, where these leads were connected to an implanted investigative 

neurostimulator. The results indicated that Freezers compared to non-Freezers showed a 
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reduction in STN beta-band power during the stepping in place task, and an increased beta 

sample entropy, which is an indicator of unpredictability (Syrkin-Nikolau et al., 2017). 

During freezing episodes compared to regular forward walking, increased alpha sample 

entropy, indicating an increased error during processing of sensorimotor information in the 

subthalamic outflow was observed (Syrkin-Nikolau et al., 2017). Moreover, decreased beta 

power was also found during this comparison. This pattern of low-beta power and high beta 

entropy could be due to a compensatory mechanism used to overcome abnormal gait (Syrkin-

Nikolau et al., 2017). Another study recorded LFP from the STN in patients with DBS 

electrodes implanted, while patients did a single or dual-task walk (Chen et al., 2019). 

Derived from trunk accelerometry, an index of FOG (iFOG) was used as an objective 

measure to distinguish between normal gait, vulnerable gait and FOG (Chen et al., 2019). 

The results showed that irrespective of single or dual-task walking, there was an increase in 

LFP power in the low-beta and theta bands when walking was more vulnerable to FOG 

(Chen et al., 2019). The increase of low beta activities were found throughout the STN, 

whereas the increase in theta was more focused and found in the ventral STN and the 

substantia nigra (Chen et al., 2019). As the increase in theta bands were not attributed to the 

high attentional demands of dual-tasking, the role of theta may be associated with cognitive 

interference and conflict processing (Shine et al., 2014; Shine, Matar, Ward, Bolitho, Gilat, et 

al., 2013; Shine, Matar, Ward, Frank, et al., 2013). The study concluded that the findings 

aligned with the interference model, where cross talk between motor, limbic and cognitive 

circuits could overload information processing capacity in the striatum leading to 

synchronous firing in the output regions of the basal ganglia (GPi and SNr), which could 

over-inhibit the PPN, resulting in freezing (Chen et al., 2019; Ehgoetz Martens, Hall, et al., 

2018). 
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Another study has used a validated virtual reality paradigm to elicit FOG during subthalamic 

nucleus DBS and examined the microelectrode recordings obtained during this surgery 

(Georgiades et al., 2019). Findings showed that elevation of subthalamic nucleus firing rates 

was associated with motor arrests and this STN activity increased transiently during motor 

arrests compared to same sized epochs recorded prior and after the FOG episode (Georgiades 

et al., 2019). This shows that during freezing there was paroxysmal increases in STN spiking. 

Furthermore, time-frequency analysis used to characterise oscillatory dynamics of 

subthalamic nucleus activity associated with the onset of FOG, showed an increase in 

pathological beta and theta rhythms followed by oscillatory trembling on the spot in the 

lower limbs (Georgiades et al., 2019). This suggests a connection between abnormal basal 

ganglia rhythmicity and abnormal lower limb dynamics. Finally, the study compared STN 

activity signature of beta modulation during freezing with purposeful stopping and found that 

FOG was discernible from volitional stopping (Georgiades et al., 2019). Taken together, this 

study found that transient increases in subthalamic nucleus activity were associated with 

freezing of gait. This increase temporally precedes the abnormal lower limb muscle 

activation that are indicative of FOG, supporting the role of the STN in driving motor arrests 

(Georgiades et al., 2019). 

 

Overall, neurophysiology has shown promising findings in the investigation of FOG where 

EEG studies revealed that Freezers tend to recruit the lateral premotor areas in a 

compensatory effort for SMA deficits, likely resulting from the loss of motor automaticity 

(Cunnington et al., 1995; Praamstra et al., 1996). Furthermore, conflict related signals 

processed in the frontal-parietal regions were found to be related to FOG, where FOG could 

occur when frontal generated motor plans are unable to be transmitted to the motor cortex 

(Handojoseno et al., 2014). Additionally, DBS studies investigating the STN in Freezers 
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suggest that dysfunctions between the frontal cortex and basal ganglia through motor and 

associative STN loops could lead to FOG (Toledo et al., 2014), where FOG is associated with 

temporary increases in STN activity and drives motor arrests (Georgiades et al., 2019).  

 

1.6.2 Brain Imaging and the Neural Underpinnings of Freezing of Gait 

Additional insights into the pathophysiology underpinning freezing have been offered across 

multiple neuroimaging modalities. 

 

Structural and Resting State Functional Connectivity  

Structural connectivity has typically investigated disruptions across white matter tracts with 

diffusion tensor imaging (DTI), mean diffusivity (MD) and fractional anisotropy (FA). 

Studies that have utilised these methods found that PD Freezers had altered patterns of 

reduced white matter tracts that connect subcortical regions, including the cerebellum (Bharti 

et al., 2019), pedunculopontine nucleus (PPN) (Fling et al., 2013), subthalamic nucleus 

(STN) and their connectivity with higher level cortical regions (i.e., prefrontal cortex) (Fling 

et al., 2014). Furthermore, more white matter connectivity disruptions have been reported in 

Freezers compared to non-Freezers and healthy controls in the superior longitudinal 

fasciculus (temporal bundle), and this could lead to less integration between visuospatial 

functions and motor preparations in Freezers (Pietracupa et al., 2018; Vercruysse et al., 

2015). DTI abnormalities were also observed in the inferior longitudinal fasciculus, which 

has been found to disrupt visuo-emotional integration, and the uncinate fasciculus, a part of 

the limbic system in PD Freezers (Shine, Matar, Ward, Bolitho, Gilat, et al., 2013). 

Additionally, white matter damage has also been found in the frontoparietal and temporal 

occipital cortico-cortical connections and the splenium and genu of the corpus callosum, 
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which are regions involved in brain communication, visuo-spatial and cognitive functioning 

(Canu et al., 2015).  

Grey matter (GM) volumetry studies typically utilise voxel-based morphometry (VBM) to 

investigate local volume changes in grey matter through examining voxel-based features 

(Ashburner & Friston, 2000). Findings from studies that examined subcortical regions have 

revealed greater GM atrophy in the mesencephalic locomotor region (Snijders et al., 2011), 

lower thalamic volumes correlated with visual recognition memory (Sunwoo et al., 2013), 

greater GM loss in the caudate nucleus that correlated with freezing severity and reduced GM 

in the inferior parietal lobe and angular gyrus (Herman et al., 2014) in PD Freezers compared 

to non-Freezers. Several studies have also found significant GM changes in the anterior 

frontal and posterior parieto-occipital regions in Freezers compared to non-Freezers (Brugger 

et al., 2015; Herman et al., 2014; Jha et al., 2015; Rubino et al., 2014; Tessitore, Amboni, 

Cirillo, et al., 2012). One study also found that GM atrophy in PD Freezers compared to non-

Freezers in the left fronto-parietal regions are negatively correlated with freezing severity 

(Kostic et al., 2012). Findings utilising surface based morphometry (SBM), a method that 

measures cortical thickness and surface measures, have revealed significantly lower cortical 

thickness in the frontoparietal regions of the medial surface in PD Freezers (Pietracupa et al., 

2018b; Vastik et al., 2017). 

Resting state functional connectivity (rsFC) studies enable the study of neural correlates 

when patients are at rest (lying awake in the scanner without performing a task), by detecting 

fluctuations in spontaneous blood oxygen level-dependent contrast (BOLD) signals in brain 

areas that show increases or decreases in neuronal activity (Biswal, 2012; Song et al., 2021). 

Functional connectivity is generally described as the statistical relationship between cerebral 

signals over time (Gaudet et al., 2020). It typically measures brain activity by detecting blood 
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related composite signals that reflect alterations in blood flow, volume, oxygen content and 

neuronal activations, where the blood oxygen level-dependent (BOLD) signal reflects 

hemodynamic responses to neural activity (Tong et al., 2016). These studies have found that 

Freezers compared to non-Freezers have abnormal connectivity between cortical and 

subcortical regions, including increased connectivity between the supplementary motor 

regions (SMA) responsible for the initiation of gait, as well as the mesencephalic (MLR) and 

cerebellar locomotor regions (CLR) (Fling et al., 2014). These findings support research that 

suggest movement related deficits have been found to require increased recruitment of higher 

order motor control to facilitate movements that were previously automated (Fling et al., 

2014; Seidler et al., 2010). Freezers may also exhibit increased connectivity between the 

MLR and sensorimotor regions (Lench et al., 2020), as well as the thalamus and right inferior 

parietal lobe, plus the globus pallidus and primary somatosensory cortex (Miranda-

Domínguez et al., 2020), which suggests deficits in sensorimotor integration or spatial 

attention (Wang et al., 2021). Reduced rsFC in Freezers was also observed between the 

frontoparietal attentional network and the amygdala (Gilat et al., 2018) and altered coupling 

between bilateral ventral tegmental areas and the default mode network (Steidel et al., 2021). 

These abnormalities in cortical-subcortical FC have also been associated with behavioural, 

objective or subjective measures of FOG (Fling et al., 2014; Gilat et al., 2018; Lench et al., 

2020; Miranda-Domínguez et al., 2020; Seidler et al., 2010; Steidel et al., 2021; Wang et al., 

2021). Overall, these resting state FC studies suggest that freezing of gait is related to 

functional connectivity dysfunctions in motor, default mode, visual, attention and limbic 

systems (Bardakan et al., 2022).  
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Task-Based functional connectivity  

Whilst structural and resting state functional connectivity studies have improved the 

understanding of FOG, they do not reflect the dynamic process of freezing.  However, task-

based functional imaging of this phenomenon has been difficult due to the limitations in brain 

imaging technology and the fundamental movement aspect required to detect FOG. Despite 

this a number of innovative methods to study FOG in the scanner have been developed to 

further investigate the mechanisms that underlie this symptom.  

Motor imagery  

Motor imagery (MI) paradigms have been developed to assess the neural pathophysiology of 

locomotion in PD and involve the mental stimulation of action without external execution 

(Jeannerod, 1994). This method enables the study of alterations in planning gait and avoids 

confounds due to brain responses from altering motor performance and somatosensory 

feedback that occur in actual freezing episodes (Almeida et al., 2005; Chee et al., 2009). In 

these studies, patients are asked to imagine walking normally or imagine a FOG triggering 

circumstance during imagined gait whilst being scanned with fMRI. During imagined 

walking, Freezers compared to non-Freezers were found to have exhibited a reduction in the 

activation of the globus pallidus, STN, subcortical mesencephalic locomotor regions (MLR), 

cortical supplementary motor regions (SMA) and cerebellar locomotor regions (Peterson et 

al., 2014). However, other MI studies had contrasting findings with increased activation 

across several locomotor regions including the MLR and SLR (Huang et al., 2021) in 

Freezers compared to non-Freezers.  Increased MLR activation has also been positively 

associated with the severity of freezing in another MI study (Snijders et al., 2011). During a 

turning task using MI, Freezers exhibited increased parieto-occipital connectivity compared 

to non-Freezers (Huang et al., 2021). These findings indicate that freezing may be associated 
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with visuo-motor coordination.  However, it should be noted that several inconsistencies 

were observed across MI studies, which might reflect differences in the complexity of the 

paradigms in different studies (Bardakan et al., 2022). 

Virtual reality  

Another technique that has been used to study the neural correlates of FOG is the use of 

virtual reality (VR) gait paradigms combined with event related fMRI. These paradigms 

typically comprise of a first-person presentation in VR that involves alternating depression of 

foot pedals (suitable for use in MRI) to navigate through virtual environments with different 

triggers of FOG (e.g., dual-tasking, narrow doorways, turning, threat).  Freezing in these 

studies was defined as an episode of motor arrest that had abnormally long periods of 

between footstep latency compared to the modal footstep latency during normal walking 

(Gilat et al., 2013; Shine, Matar, Bolitho, et al., 2013; Shine, Matar, Ward, Bolitho, Gilat, et 

al., 2013). This form of freezing measurement has been found to correlate with both self-

reported FOG severity and actual recorded episodes of FOG, indicating that these VR 

induced motor arrests are adequate surrogate markers of FOG, despite the lack of 

overground, bipedal locomotion (Naismith & Lewis, 2010; Shine et al., 2011; Shine, Matar, 

Bolitho, et al., 2013). To date, studies conducted using the VR gait paradigm have revealed 

alterations in BOLD activations and cortical-subcortical functional connectivity changes in 

PD patients with freezing. During motor arrests increased activation in the frontoparietal 

regions, and reduction in the basal ganglia (caudate), thalamus (Shine, Matar, Ward, Bolitho, 

Gilat, et al., 2013), and pre-SMA regions were observed (Shine, Moustafa, et al., 2013). 

Furthermore, a functional decoupling between the cortical control network(CCN) that 

encompasses the dorsolateral prefrontal cortex and posterior parietal cortex with the basal 

ganglia was observed during motor arrest with increased cognitive load in Freezers and this 

was observed more when Freezers were in the OFF compared to ON dopaminergic 
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medication state (Shine, Matar, Ward, Frank, et al., 2013). These findings indicate that 

freezing is associated with impaired activation and FC between frontoparietal networks and 

subcortical networks involved in goal-directed and automatic gait control. Concurrent 

cognitive and motor tasks could overload the frontostriatal system resulting in breakdown of 

gait through reduction of inhibition of the CCN on basal ganglia outputs, that leads to an over 

inhibition of the MLR and PPN (Lewis & Barker, 2009). A range of other studies using this 

approach have examined the impact of turning, narrow doorways, and dual-tasking. During 

turning PD Freezers compared to non-Freezers showed increased BOLD activation in 

bilateral inferior frontal regions and reduced activations in the left pre-motor (SMA) and left 

superior parietal cortex, which may reflect overactivity across the stopping network (Gilat et 

al., 2015). When navigating doorways, Freezers also showed hypoactivation in the pre-

supplementary motor area (SMA), which is involved in effective movement and has direct 

projections to the basal ganglia (Matar et al., 2019). These studies showed that in comparison 

to non-Freezers, Freezers exhibited increased coupling between the globus pallidus internal 

(GPi), subthalamic nucleus (STN) and mesencephalic locomotor region (MLR), as well as 

higher level cortical regions (i.e., pre-SMA, left premotor area) (Gilat et al., 2015; Matar et 

al., 2019). Decoupling between the pre-SMA and the STN would result in impairments in 

resolving conflicts between complementary and competing motor programs (Lewis & Shine, 

2016). Furthermore, during dual-tasking that involved processing an indirect cue (high 

cognitive load) while walking, both PD Freezers and non-Freezers showed increased 

activations in the DLPFC, posterior parietal cortices, SMA and extra-striate visual area and 

these regions form the CCN. However, Freezers when compared to non-Freezers showed a 

reduction in the recruitment of the bilateral anterior insula, ventral striatum and the pre-SMA 

(Shine, Matar, Ward, Bolitho, Pearson, et al., 2013). These regions are major parts of the 
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CCN suggesting that PD Freezers are unable to recruit specific CCN regions during dual-

tasking (Shine, Matar, Ward, Bolitho, Pearson, et al., 2013).  

Studies using VR have also found that different provoking factors of freezing of gait (motor, 

cognitive, limbic) can be associated with unique FC patterns in certain circuitries during 

freezing (Ehgoetz Martens, Hall, et al., 2018). Reduction in set shifting scores in Freezers 

was correlated to decoupling between the CCN and motor network, and between the putamen 

and ventral striatum (Ehgoetz Martens, Hall, et al., 2018). Higher step time variability was 

associated with increased CCN and cortical limbic regions connectivity and decoupling 

between the putamen and limbic subcortical regions (Ehgoetz Martens, Hall, et al., 2018). 

Finally, worse anxiety and depression scores were also associated with increased coupling 

between the CCN and cortical limbic network, and the motor network with the dorsal caudate 

(Ehgoetz Martens, Hall, et al., 2018). These findings show that abnormal limbic connectivity 

with motor and cognitive regions, and between cortical and subcortical regions are associated 

with freezing. Interestingly, anxiety was found to be able to interfere with set-shifting 

abilities (Ehgoetz Martens et al., 2016), and worsened gait parameters have been observed in 

threatening situations (Ehgoetz Martens et al., 2014). Whilst the neural circuitry underlying 

several motor triggers, environmental stimuli and cognitive load have been investigated, less 

work has been done to explore FOG with anxiety inducing triggers.  

1.7 Summary, Aims and Hypotheses 

 

1.7.1 Summary of the Introduction 

 

The aim of the current thesis was to examine the current literature regarding Freezing of Gait 

(FOG) and to advance our further understanding of the pathophysiology underlying this 

symptom. The Introduction chapter consists of six sections addressing various aspects of 
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FOG in Parkinson’s Disease (PD), followed by a discussion of the Aims and Hypotheses that 

were proposed in this Thesis.  

 

The first section of the Introduction (1.1) discusses the epidemiology and anatomy of 

Parkinson’s disease followed by an overview of Freezing of gait. Parkinson’s disease is a 

progressive neurodegenerative disease characterised by both a clinical syndrome with 

cardinal motor features and neuropathological changes where there is a loss of dopaminergic 

neurons in the substantia nigra pars compacta and its projection to striatal regions (Berg et al., 

2014; DeMaagd & Philip, 2015; Martin & Teismann, 2009). This section gives an overview 

of the connections of the basal ganglia and how these pathways are impacted by the loss of 

dopaminergic cells (Albin et al., 1989; Benarroch, 2016; Obeso et al., 2000). This section 

also introduces the symptom of FOG, which affects the majority of PD patients over the 

course of their disease and currently, has limited therapeutic options (Cui & Lewis, 2021). 

 

Sections 1.2 and 1.3 of the Introduction discuss the clinical associations (e.g. disease 

duration, motor phenotype, non-motor symptoms) and common triggers (e.g. turning, dual-

tasking, anxiety) of FOG. This leads to Section 1.4 that highlights the important role of 

rehabilitation strategies to alleviate FOG, such as sensory cueing (e.g. visual, auditory and 

tactile). 

 

Section 1.5 of the Introduction seeks to cover the current models that have been proposed to 

explain the phenomenon underlying FOG, including the Decoupling, Threshold, Cognitive 

and Interference models. Whilst most of these models have focused on deficits in one 

domain, it is well known that FOG has multiple triggers that may exhibit a complex interplay.  

However, the Interference model or Neural Reserve hypothesis would account for 
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contributions across motor, cognitive and salience pathways, including the key role of 

anxiety that has been recognised recently.  

 

Section 1.6 of the Introduction reviews the contributions made by neuroimaging and 

neurophysiological studies towards supporting the pathophysiological processes that have 

been proposed as the neurobiological basis of the freezing phenomenon.  This section covers 

how the results obtained from structural and functional neuroimaging, as well as surface 

ambulatory electroencephalography and recordings from deep brain stimulation leads have 

informed our understanding of FOG.  This summary helps to identify the next steps that need 

to be taken to further our understanding about the interdependent roles of anxiety, sensory 

feedback and medication in the freezing phenomenon and lays out the format for the empiric 

studies conducted in this thesis.   

 

Summary of the Aims and Hypotheses 

 

The current thesis contains three empiric Chapters that investigated the effects of anxiety on 

FOG using differing approaches.  Chapter 2 aimed to replicate the finding that FOG 

provoked by anxiety induced in a free walking Virtual Reality (VR) plank paradigm could 

also be observed using a seated version of this task.  Chapter 3 aimed to evaluate the ability 

of body-related visual feedback to alleviate FOG in anxious situations.  Finally, Chapter 4 

utilised resting state functional MRI (rsfMRI) to explore the effect of dopaminergic 

medication on the impaired limbic circuitry in patients with FOG. 
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Figure 1. Information graph on Aims of Thesis 
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1.7.2 Aims and Hypotheses 

 

As anxiety has been established as a causal factor for FOG, further research is required to 

understand the effects of anxiety on novel treatment approaches. Additionally, more 

sophisticated methods to explore the neural underpinnings of FOG would aid in developing a 

further understanding of the pathophysiology of freezing and the role of anxiety in this 

symptom of PD. Hence the aim of the current thesis was to investigate the effects of anxiety 

on freezing of gait with the following studies: 

 

Chapter 2 

Previous research has directly manipulated anxiety through a virtual reality walking threat 

(‘plank’) paradigm and successfully induced FOG. The current study aimed to replicate 

previous findings from the walking VR plank paradigm as well as validate a seated version of 

the VR plank paradigm, where participants were seated as they navigated a threatening 

virtual reality environment with foot pedals. The validation of this seated VR paradigm 

enabled two other studies that I co-authored included in Appendix 2.1 and 2.2 to be 

conducted. The study in Appendix 2.1 was able to confirm that changes in heart rate precedes 

the onset of freezing, highlighting the role of the sympathetic nervous symptom and its 

noradrenergic pathways (Economou et al., 2021). The work in Appendix 2.2 combining VR, 

fMRI and pupillometry, confirmed that heightened sympathetic arousal related to anxiety 

could foster increased "cross-talk" between distributed cortical networks that ultimately 

manifest as paroxysmal episodes of FOG (Taylor et al., 2022). 

Chapter 3 

Body-related visual feedback has previously been found to alleviate FOG where attention and 

vision improves proprioception and facilitates goal directed locomotion. However, anxiety 

has been established as a trigger of FOG and it is not known whether attentional resources 
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could be biased towards attending to threatening stimuli. Hence anxiety inducing situations 

may affect the ability of Freezers to utilise visual feedback to improve gait. The current study 

hypothesised that if anxiety consumed attentional resources during highly threatening anxiety 

inducing situations, the presence of visual feedback would not be able to ameliorate FOG. 

However, in low threat situations, where attentional resources would not be consumed by 

anxiety, it was proposed that the provision of visual feedback would improve FOG.   

Chapter 4 

Previous resting state fMRI work has revealed an altered brain connectivity in PD Freezers 

compared to non-Freezers that related to alterations in the limbic network (Gilat et al., 2018).  

The current study aimed to elucidate the effect of dopaminergic medication on the impaired 

limbic circuitry in Freezers by contrasting Freezers ‘ON’ and ‘OFF’ dopaminergic 

medication at rest. The study hypothesised that dopaminergic medication would improve the 

frontoparietal attentional network’s top-down attentional control over limbic regions, which 

would in turn reduce limbic load on striatal regions, hence reducing the risk of FOG. The 

study also hypothesised that the degree of dopamine related changes in the frontoparietal-

limbic circuitry would be associated with baseline levels of anxiety in Freezers. 

 

Chapter 5 

The Discussion section of the thesis will summarise findings from these studies and 

encapsulate the key highlights that would enable a greater understanding of the effects of 

anxiety on freezing of gait. It could encompass how virtual reality paradigms induces 

freezing of gait and the future of bringing this paradigm into the scanner to better understand 

the neural underpinnings of anxiety and freezing of gait. This would be followed by 

understanding the effects of anxiety on body related sensory cueing and dopaminergic 

medication on freezing of gait. 
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Chapter 2 

Validating a seated virtual reality threat paradigm for inducing 

anxiety and freezing of gait in Parkinson’s disease. 

  

Chapter 2 has been published as:  

 

Dione Y. L. Quek, Kristin Economou, Hamish MacDougall, Simon J.G. Lewis and Kaylena 

Ehgoetz Martens (2021). Validating a seated virtual reality threat paradigm for inducing 

anxiety and freezing of gait in Parkinson’s disease. Journal of Parkinson’s Disease, 11(3), 

1443-1454. DOI: 10.3233/JPD-212619. 

 

Supplementary materials that were published online along with this publication have been 

entered in Appendix 1.1. 
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Chapter 3 

 

The influence of visual feedback on alleviating freezing of gait in 

Parkinson’s disease is reduced by anxiety. 

 

Chapter 3 has been published as: 

 

Dione Y. L. Quek, Kristin Economou, Hamish MacDougall, Simon J.G. Lewis and Kaylena 

Ehgoetz Martens (2022). The influence of visual feedback on alleviating freezing of gait in 

Parkinson’s disease is reduced by anxiety. Gait & Posture, 95, 70-75.  

DOI: 10.1016/j.gaitpost.2022.04.007.  

 

Supplementary materials were not included in this publication. 
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Chapter 4 

The effect of dopamine on limbic network connectivity at rest in 

Parkinson’s disease patients with freezing of gait. 

 

Chapter 4 is currently in preparation for publication as:  

 

Dione Y. L. Quek, Natasha Taylor, Moran Gilat, James M. Shine, Simon J.G. Lewis and 

Kaylena Ehgoetz Martens (2021). Validating a seated virtual reality threat paradigm for 

inducing anxiety and freezing of gait in Parkinson’s disease.  

 

Supplementary materials that will accompany this chapter have been entered in Appendix 

1.2. 
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Abstract 

 

Background: Freezing of gait (FOG) in Parkinson’s disease (PD) has a poorly understood 

pathophysiology, which hinders treatment development. Recent work showed a dysfunctional 

fronto-striato-limbic circuitry at rest in PD Freezers compared to non-Freezers in the 

dopamine ‘off’ state. Whilst other studies found that dopaminergic replacement therapy alters 

functional brain organization in PD, the specific effect of dopamine medication on fronto-

striato-limbic functional connectivity in Freezers remains unclear. 

 

Objective: To evaluate how dopamine therapy alters resting state functional connectivity 

(rsFC) of the fronto-striato-limbic circuitry in PD Freezers, and whether the degree of 

connectivity change is related to freezing severity and clinical anxiety. 

 

Methods: Twenty-three PD patients with FOG underwent MRI at rest (rsfMRI) in both their 

clinically defined ‘OFF’ and ‘ON’ dopaminergic medication states.  A seed-to-seed based 

analysis was performed between a-priori defined ROIs of the limbic circuit. Functional 

connectivity was compared between OFF and ON states. A secondary correlation analyses 

evaluated the relationship between HADS Anxiety and FOGQ with changes in rsFC from 

OFF to ON. 

 

Results: PD Freezers OFF compared to ON had an increased functional coupling between 

the right hippocampus and right caudate nucleus, and between the left putamen and left 

posterior parietal cortex (PPC) of the frontoparietal network. A negative association was 

found between HADS-Anxiety and the rsFC change from OFF to ON between the left 

amygdala and left PFC, and left putamen and left PPC.  
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Conclusion: These findings suggest that dopaminergic medication partially modulates the 

frontoparietal-limbic-striatal circuitry in PD Freezers and that the influence of medication on 

a key node of this circuitry, namely the amygdala, may be related to clinical anxiety in 

Freezers. 

 

Keywords: Anxiety; Freezing of gait; Parkinson’s disease; Resting state functional 

connectivity; Limbic, MRI 
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1.Introduction 

 

Freezing of gait (FOG) is a common and troubling symptom of Parkinson’s disease (PD) 

defined as the inability to progress the feet forward despite the intention to walk (Nutt et al., 

2011). It is episodic in nature and the main risk for falling in PD, thereby negatively impacting 

quality of life (Nieuwboer & Giladi, 2013; Walton et al., 2015). Understanding the 

phenomenology of FOG is challenging given its inconsistent and paroxysmal nature 

(Nieuwboer & Giladi, 2008). Therefore, the exact cause for FOG in PD remains poorly 

understood, making it a challenging symptom to manage clinically.  

 

Several pathophysiological models have been proposed that try to explain the particular 

behavioural and clinical features associated with FOG (Nieuwboer & Giladi, 2013). For 

example, the interference or ‘cross talk’ model, suggests that in PD, the striatum depleted of 

dopamine, has a reduced ability to process information concurrently across motor, cognitive, 

and limbic neural networks (Lewis & Barker, 2009). Complex gait situations can overwhelm 

the processing capacity of the striatum, causing the striatal output nuclei of the basal ganglia 

to become over-activated, sending an excess of GABAergic inhibitory projections to the 

brainstem locomotor control regions, which ultimately results in FOG (Lewis & Shine, 2016). 

This model posits that FOG would most likely occur during instances of increased processing 

demands on the striatum associated with the lack of adequate dopaminergic resources, 

including in the limbic circuit. Indeed, PD patients generally experience more severe FOG 

while performing complex gait tasks during the ‘off’ medication state (Schaafsma, 2009) and 

Freezers tend to have worse anxiety than non-Freezers (Lieberman, 2006). Moreover, inducing 

anxiety via high-threat conditions while walking also resulted in more frequent FOG 

(Economou et al., 2021; Ehgoetz Martens et al., 2014; Lieberman, 2006b; Taylor et al., 2022). 

In fact, when probed with fMRI, ‘walking’ during the high-threat condition was associated 
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with an increase in between-network connectivity (i.e. ‘cross-talk’) between the motor, 

cognitive, and limbic circuits, in line with the cross-talk model (Lewis & Barker, 2009; Taylor 

et al., 2022). 

 

Dopamine plays a central role in the cross-talk model as it strongly influences striatal 

processing capacity (Lewis & Barker, 2009). Dopamine replacement therapy is currently also 

the mainstay treatment for PD motor symptoms and FOG, although freezing in some patients 

responds poorly to dopamine therapy (Espay et al., 2012). Given the variable effect of 

dopamine on anxiety and freezing (Ehgoetz Martens, Shine, et al., 2018), it would be 

informative to investigate how dopamine modulates cortico-striatal limbic processing in PD 

Freezers and whether the change in network connectivity following dopamine administration 

is associated with freezing severity or anxiety (Ehgoetz Martens et al., 2013). 

 

Although several studies have used task-based and resting-state fMRI to study connectivity 

differences in the motor and cognitive networks in PD Freezers (Bharti et al., 2019, 2020; Canu 

et al., 2015; Fling et al., 2014; Shine, Matar, Ward, Bolitho, Gilat, et al., 2013; Shine, Matar, 

Ward, Frank, et al., 2013; Song et al., 2021). Surprisingly, only one study to date has 

investigated limbic network differences between Freezers and non-Freezers which focused on 

their OFF medication state (Gilat et al., 2018). These findings showed an increase in resting 

state functional connectivity (rsFC) between the amygdala and putamen, accompanied by an 

increased anti-coupling between the amygdala and frontoparietal network (FPN) in PD 

Freezers compared to non-Freezers (Gilat et al., 2018). These results also correlated with 

overground freezing severity, suggesting that even at rest, Freezers might already experience 

increased limbic-striatal processing load accompanied by a reduced top-down attentional 

control, which according to the cross-talk model might increase their propensity to freeze 
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during actual gait. However, this study did not contrast dopaminergic state and therefore the 

role of dopamine on the limbic circuitry remains unclear. 

 

To add to our understanding of the role of dopamine on the pathophysiology of freezing, the 

current study aimed to investigate whether dopaminergic manipulation modulates resting-state 

functional connectivity across the limbic-striatal and cortico-limbic networks in PD Freezers 

by assessing them during both the ON and OFF dopaminergic medication states. As the 

effectiveness of dopamine replacement therapy in alleviating symptoms of freezing and anxiety 

has yielded inconsistent results (Ehgoetz Martens, Shine, et al., 2018; Khatri et al., 2020), the 

current study also aimed to evaluate whether the change in limbic network connectivity from 

OFF to ON is associated with FOG severity and degree of clinical anxiety in these patients.  

 

2 Methods 

2.1 Demographic Variables 

Twenty-three PD patients with FOG were recruited from the Parkinson's Disease Research 

Clinic at the Brain and Mind Centre in Sydney, Australia. All patients were diagnosed with 

idiopathic PD by a trained neurologist (SJGL) and freezing of gait was confirmed through 

clinical observation and a positive response to item 3 of the FOG Questionnaire (FOG-Q) 

(Giladi et al., 2000). Patients completed a resting-state fMRI scan in both their OFF and ON 

dopaminergic medication states. In the OFF state, patients withdrew from their anti-

Parkinson’s medication for at least 12 hours (and at least 24 hours if taking a dopamine 

agonist), and in their ON state, they were tested on their regular daily dose of anti-Parkinson’s 

medication. Ethical approval was obtained by the University of Sydney Human Research 

Ethics Committee, and all patients provided written informed consent to participate in the 

study.  
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A trained clinician administered the Movement Disorder Society’s Unified Parkinson’s 

Disease Rating Scale Section III (MDS-UPDRS III) (Goetz et al., 2008), as well as the Hoehn 

and Yahr scale (Hoehn & Yahr, 1967). A Mini-Mental State Examination (MMSE) (Folstein 

et al., 1975) was also administered to assess general cognitive function, and all participants 

completed the Hospital Anxiety and Depression Scale (HADS) (Zigmond & Snaith, 1983). 

 

Table 1. Participants Characteristics  

 

 Participants (Mean ± 

SD) 

Range 

Sample (n) 

 

23 - 

Age (years) 

 

77±7.4  62 – 90 years 

Disease Duration 

 

 

8 years 10 months 7 months - 27 years 4 

months  

Gender (% male) 

 

82.6% male  19 males, 4 females 

Neuropsychiatric 

examinations 

  

MMSE 

 

28.2 ± 2.1  23 - 30 

HADS Depression 

 

3.1 ± 4.72 0 - 10 

HADS Anxiety  

 

5 ± 3.4 0 - 11 

Motor Severity   

MDS-UPDRS III (ON)  43.7 ± 16.1 12 - 71 

H&Y 

 

 2.9 ± 0.7 1 - 4 

FOGQ Total 

 

11.9 ± 5.3 3 - 20 

DDE 836.7± 446.8 250-1557 

Abbreviations: MMSE - Mini-Mental State Examination; HADS – Hospital Depression 

Scale; PAS – Parkinson’s Anxiety Scale;  MDS-UPDRS – Unified Parkinson’s Disease 

Rating Scale; H&Y – Hoehn and Yahr Scale; FOGQ – FOG Questionnaire; DDE – Deep-

dose Equivalent. 
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2.2 Image Acquisition 

The resting state brain scans were obtained at the Brain and Mind Centre (BMC) at the 

University of Sydney on a 3T MRI scanner (General Electric) in the following order: T1 

weighted anatomical images with voxel sizes of 1x1x1mm were obtained to co-register with 

functional scans, and Echo Planar (EPI) T2-weighted resting state functional images 

[Repetition time (TR): 3000ms, Echo time(TE): 32ms, flip angle: 90 degrees, Voxel size: 3.75 

x 3.75 x 4mm]. Patients were scanned once in their ON dopaminergic medication state, and 

once in their clinically defined OFF dopaminergic state and the scans were retrospective. They 

withdrew from dopaminergic medication for at least 12 hours prior to the OFF scans. The 

average duration between their first and second scan was 69 days, both scans were taken within 

the maximal time frame of below a year.  

 

2.3 Image Pre-processing and denoising 

Pre-processing of images was completed using fMRIPrep (version 1.0.12, Nipype, 3,4 

RRID:SCR_002502)(Esteban et al., 2019). T1-weighted anatomical images were corrected for 

intensity non-uniformity using N4BiasFieldCorrectedection (v2.1.0). Brain extraction was 

conducted using the ANTS toolbox (Avants et al., 2011), where the computed brain masked 

utilised FSL FAST to segment brain tissues into cerebrospinal fluid (CSF), grey matter (GM), 

and white matter (WM). Spatial normalisation to standard space (MNI152NLin6Asym) was 

performed through a mutual-information based, multiscale, non-linear registration scheme with 

ANTs registration (v2.1.0). A custom methodology of fMRIPrep generated a reference resting 

state fMRI volume and the skull-stripped version of this volume for each individual participant. 

The reference image was then co-registered to the structural image with FSL’s FLIRT toolbox 

(v5.0.9) (Jenkinson et al., 2002) with boundary based registration. Head motion was then 
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estimated using FSL’s mcflirt, where head motion parameters (i.e., transformation matrices 

and six corresponding rotation and translation parameters) with respect to the reference volume 

were generated (Jenkinson et al., 2002). Head motion parameters were calculated before time 

domain filtering (i.e., slice time correction) where AFNI realigned all slices in time into the 

middle of each TR, conducted to obtain accurate head motion estimation (Power et al., 2017).  

 

The resting state fMRI images were subsequently normalised into MNI space by combining all 

spatial transformations (head motion correction, co-registration to structural images, and 

normalisation to MNI space) through a one-step interpolation using Lanczos interpolation in 

ANTs. Using ICA’s AROMA the identification of motion artefacts with independent 

component analysis was performed on the pre-processed BOLD images after removal of non-

steady state volumes and spatial smoothing with an isotropic, Gaussian kernel of 6mm full-

width half-maximum (Lindquist et al., 2019). Physiological noise regressors were calculated, 

including mean global signal, mean tissue class signal, Frame-wise Displacement (Nipype) 

(Power et al., 2014), head motion parameters, DVARS, spike regressors temporal and 

anatomical principal components of most variable voxels (aCompCor, tCompCor), 6 motion 

parameters, DVARS, spike regressors (Behzadi et al., 2007). For more details on the FMRI-

prep pre-processing pipeline, refer to https://fmriprep.org/en/stable/workflows.html 

  

The pre-processed rsfMRI scans then were imported into CONN v.20.b for denoising, where 

linear regression of potential confounding effects in the BOLD signal was conducted using 

Ordinary Least Squares (OLS) regression. The noise confounds regressed out of the BOLD 

signal time-series included, cerebral white matter, Frame-wise displacement and Head motion 

parameters (X, Y, Z and Rot X, Rot Y, Rot Z) (Behzadi et al., 2007; Friston et al., 1996; Power 

et al., 2012). These nuisance regressors were selected to remove potential confounds, and for 

https://fmriprep.org/en/stable/workflows.html
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minimal denoising to be conducted to preserve important signals in the resting state fMRI data. 

Consequently, temporal bandpass filtering was conducted where frequencies below 0.008 Hz 

or above 0.09 Hz were removed from the BOLD signal. This was conducted to minimise the 

influence of physiological noise (Hallquist et al., 2013). 

 

2.4 Regions of Interest 

The regions of interests were a-priori defined based on their involvement in the cortico-limbic 

and limbic-striatal circuits (Bharti et al., 2019b; Gilat et al., 2018; Zhang et al., 2016). They 

were selected from the Harvard Oxford atlas available in CONN and split into left and right 

hemispheres. ROIs included the Frontoparietal attentional network (FPN) that consisted of the 

lateral prefrontal cortex and the posterior parietal cortex, the striatum (Nucleus Accumbens, 

Putamen, Caudate) and limbic regions (Amygdala, Hippocampus).  

 

2.5 Functional Connectivity and Statistical Analysis 

CONN toolbox v.20.b was used to generate functional connectivity maps for each subject and 

each ROI using Pearson’s correlation. In the first level analysis, the ROI seeds were adjusted 

to fit each participant’s brain scan and functional connectivity between each pair of pre-

selected ROIs. These were computed with extracted BOLD signal time courses using bivariate 

Pearson’s correlation measures. For each individual participant, ROI-to-ROI connectivity 

matrices were generated, where each pair of ROI BOLD timeseries was derived as normally 

distributed Fisher-transformed bivariate correlation coefficient.  

 

These individual participants’ ROI-to-ROI connectivity maps were then combined and 

averaged across all participants to create an average group level connectivity matrix separately 

for the OFF medication scan and the ON medication scan. Each component in the matrix 
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represents the Fisher-transformed bivariate correlation coefficient between a pair of ROI 

BOLD time-series averaged across all subjects. To investigate whether dopaminergic 

medication altered limbic connectivity in Freezers, the rsFC between these regions (limbic to 

striatal ROIs, FPN to limbic ROIs and FPN to striatal ROIs) was compared between the OFF 

and ON medication states in a second level within-group analysis. The rsFC difference was 

derived using two-tailed paired sample t-tests in the group-level analysis. Only connections 

within the same hemisphere were reported to prevent multiple corrections and False Discovery 

Rate (FDR, α<0.05) corrections was applied on the resulting connections. For exploration and 

interpretation purposes the OFF and ON connectivity maps derived using one-sample t-tests 

are also presented separately. As the current study focused on individual ROI-to-ROI rsFC, 

cluster-level inferences built into the CONN toolbox were not utilised.  

 

Additionally, a Pearson’s correlation analysis was conducted to investigate the relationship 

between anxiety (HADS-Anxiety total score), freezing severity (FOGQ Total) and changes in 

rsFC between OFF and ON states, where change was calculated by subtracting Freezers' ON 

rsFC from OFF rsFC. We limited the secondary correlation analysis to a-priori defined rsFC 

change scores between the amygdala and the FPN, and the amygdala and putamen, since past 

work has shown these were the significant connections that differed between Freezers and non-

Freezers in the OFF state (Gilat et al., 2018). We also conducted correlational analysis between 

regions that exhibited significant differences in rsFC when OFF and ON medication states were 

compared, with anxiety and FOG severity scores.  
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3 Results 

3.1 Participant Demographics 

Patient demographics are detailed in Table 1.  No participants satisfied MDS criteria for PD 

Dementia (Dubois et al., 2007), patients were also not on psychiatric medication and had no 

major affective symptoms assessed by the DSM-V (American Psychiatric Association, 2013).  

However, five participants did score above 8 on the Anxiety component of the HADS, 

indicating mild anxiety.  

 

3.2 OFF medication connectivity 

Limbic-Striatum connectivity 

In the OFF-medication state, a positive connectivity between the right hippocampus and right 

caudate was found (Fisher r-Z = 0.093, p=0.023 uncorrected, p=0.046 FDR corrected). A 

positive connectivity was also found between the left amygdala and left nucleus accumbens 

(Fisher r-Z = 0.142 , p=0.001 uncorrected, p=0.004 FDR corrected), and between the bilateral 

amygdala and putamen (Right: Fisher r-Z = 0.134, p=0.002 uncorrected, p=0.004 FDR 

corrected; Left: Fisher r-Z = 0.236, p<0.001 uncorrected, p<0.001 FDR corrected), see Figure 

1A. 

 

Limbic-FPN connectivity 

Resting state functional connectivity between limbic and fronto-parietal regions in the OFF 

medication state showed a negative connectivity between the right hippocampus and the right 

FPN Posterior Parietal Cortex (PPC) (Fisher r-Z = -0.097, p=0.014, uncorrected, p= 0.029 FDR 

corrected). This negative rsFC was also observed between the right amygdala and right FPN 

lateral Pre-frontal Cortex (LPFC) (Fisher r-Z = -0.145, p<0.001 uncorrected, p<0.001 FDR 

corrected), the bilateral amygdala and FPN PPC (Right: Fisher r-Z = -0.122, p=0.014 
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uncorrected, p=0.029 FDR corrected; Left: Fisher r-Z = -0.124, p=0.018 uncorrected, p=0.037 

FDR corrected), see Figure 1A.  

 

FPN-Striatum connectivity 

The OFF-medication state revealed a significant negative connectivity between the left 

putamen and left FPN lateral Pre-Frontal Cortex (PFC) (Fisher r-Z = -0.078, p=0.039, 

uncorrected, p= 0.072 FDR corrected). Other regions between the FPN and the striatum were 

not significantly connected. 

 

3.3 ON medication connectivity 

Limbic-Striatum connectivity 

In contrast to what was found in the OFF state, no significant connectivity between the right 

hippocampus and right caudate (Fisher r-Z = -0.03, p=0.444 uncorrected, p=0.549 FDR 

corrected), nor the left amygdala and left accumbens (Fisher r-Z = 0.100, p=0.052 uncorrected, 

p=0.108 FDR corrected) was found in the ON state. Similar to the OFF state, in the ON state, 

there also was positive connectivity between the bilateral amygdala and putamen (Right: Fisher 

r-Z = 0.223, p=0.001 uncorrected, p=0.003 FDR corrected; Left: Fisher r-Z = 0.162, p<0.001 

uncorrected, p=0.001 FDR corrected), see Figure 1A. 

 

Limbic-FPN connectivity 

There was no significant connectivity between the right hippocampus and right FPN PPC in 

the ON state (Fisher r-Z = 0.020, p=0.688 uncorrected, p=0.736 FDR corrected). Also differing 

from the OFF-medication state, in the ON medication state, no significant connectivity was 

observed between the bilateral amygdala and FPN PPC regions (Left: Fisher r-Z = -0.037, 

p=0.190 uncorrected, p=0.309 FDR corrected; Right: Fisher r-Z = -0.044, p=0.274 uncorrected, 
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p=0.408 FDR corrected). A negative connectivity was found between the right amygdala and 

right FPN LPFC (Fisher r-Z = -0.137, p=0.004 uncorrected, p=0.010 FDR corrected) in the ON 

state, similar to what was observed in the OFF state.  

 

FPN-Striatum connectivity 

There was a positive connectivity between the striatum and FPN region in the ON medication 

state, specifically between the left FPN LPFC and the left caudate (Fisher r-Z = 0.110, p=0.029 

uncorrected, p=0.064 FDR corrected), whereas these regions were not significantly connected 

in the OFF medication state. The significant negative connectivity between the left putamen 

and left FPN LPFC in the OFF state, was not observed in the ON state (Fisher r-Z = 0.033, 

p=0.453 uncorrected, p=0.549 FDR corrected). 

 

3.4 Contrast between rsFMRI OFF and ON medication connectivity  

To investigate whether the rsFC patterns observed in the OFF and ON medication states were 

significantly different from each other, we contrasted the rsFC between the two medication 

states as the primary comparison. Results revealed that PD patients with FOG had significantly 

increased positive rsFC between the right hippocampus and the right caudate in the OFF 

compared to the ON dopaminergic medication condition (t(22)=2.88, p=0.009, FDR 

uncorrected) see Figure 1B and 1C. Patients also had significantly increased negative 

connectivity between the left putamen and left FPN Posterior Parietal Cortex (t(22)= -2.16, 

p=0.042, FDR uncorrected) in the OFF state compared to the ON state (Figure 1B).  

 

There were also trends towards increased positive connectivity between the left caudate and 

left FPN lateral pre-frontal cortex (PFC) (t(22) = -1.73, p=0.098 FDR uncorrected), and left 

caudate and left FPN Posterior Parietal Cortex (t(22)= -1.87, p=0.075 FDR uncorrected) 
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(Figure 1B). They also had a marginally increased negative connectivity between the right 

hippocampus and right FPN posterior parietal cortex (PPC) (t(22)= -1.78, p=0.089 FDR 

uncorrected) in the OFF state compared to the ON state (Figure 1B). However, these results 

did not survive FDR corrections. No significant differences in rsFC were observed between 

the OFF and ON medication states in other regions that were identified to have significant 

connectivity in the OFF-medication state, such as between the left amygdala and left 

accumbens (p= 0.493 uncorrected), bilateral amygdala and putamen (Left: p= 0.221, Right: p= 

0.228 uncorrected), right amygdala and FPN LPFC (p=0.896 uncorrected) and bilateral 

amygdala and FPN PPC (Left: p= 0.156, Right: p= 0.130 uncorrected).  

 

Associations between Anxiety, FOG Severity and OFF- ON rsFC differences  

A significant negative correlation was observed between HADS-Anxiety scores and the rsFC 

difference between the OFF and ON medication states (OFF-ON) for the left amygdala and the 

left FPN lateral prefrontal cortex (r=-0.423, p=0.050) (Figure 2). This finding indicated that 

Freezers with higher levels of anxiety had greater anti-coupling between these regions in the 

OFF-medication state compared to the ON state. The inverse was also observed where people 

with lower levels of anxiety were associated with stronger anti-coupling between these regions 

in the ON compared to the OFF-medication state. More anxious patients showed a greater 

coupling between the left amygdala and left FPN LPFC with dopaminergic medication, whilst 

less anxious patients showed greater anti-coupling between these regions when dopaminergic 

medication was administered (see Figure 2). No significant connectivity were observed 

between HADS-Anxiety and rsFC change scores(OFF-ON) between the right amygdala and 

right FPN LPFC (r= -0.286, p= 0.197), left amygdala and left FPN PPC (r=0.002, p= 0.992), 

right amygdala and right FPN PPC (r= -0.013, p=0.956), left amygdala and left putamen (r= -

0.011, p= 0.960), right amygdala and right putamen (r= -0.236, p= 0.291).  
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Another significant positive correlation was observed between HADS-Anxiety scores and the 

rsFC difference between (OFF-ON) medication states for the Left Putamen and Left FPN PPC 

(r= 0.480, p= 0.024). (Figure 3) This finding indicated that Freezers with higher levels of 

anxiety showed greater coupling between these regions in the OFF compared to ON medication 

state, while Freezers with lower levels of anxiety showed stronger coupling between these 

regions in the ON compared to OFF state. This suggests that significant dopaminergic 

medication related rsFC changes observed between the left putamen and left FPN PPC were 

influenced by the level of anxiety. Freezers with more anxiety showed greater anti-coupling 

between the left putamen and left FPN PPC with dopaminergic medication, while less anxious 

Freezers showed greater coupling between these regions upon being administered 

dopaminergic medication. In addition, a significant positive correlation was also found 

between HADS-Anxiety scores and the rsFC between Left Putamen and Left FPN PPC in the 

OFF-medication state (r= 0.477, p=0.025), this correlation was not observed in the ON 

medication state (r=-0.175, p=0.437). 

 

There were no significant correlations observed between HADS – Anxiety and the significant 

rsFC change scores (OFF-ON) between the right hippocampus and right caudate (r= 0.069, p= 

0.760), or HADS- Anxiety and these regions in the OFF (r= 0.088, p=0.697) or ON (r= 0.007, 

p= 0.975) medication states (supplementary A: Table A). With regards to FOG severity, no 

significant correlations were observed between FOGQ Total scores and the rsFC difference 

between the OFF and ON medication states (OFF-ON) between the left amygdala and the left 

FPN lateral prefrontal cortex (r= 0.144, p= 0.514), Left Putamen and Left FPN PPC (r= -0.275, 

p= 0.204) and right hippocampus and right putamen (r= -0.021, p= 0.924). (Supplementary A: 

Table B). However, a significant positive connectivity was observed between FOGQ Total and 
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the left amygdala and Left FPN PFC in the OFF-medication state (r= 0.421, p=0.045), this was 

not observed in the ON medication state (r=0.245, p=0.259). 
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Figure 1. Resting State Functional Connectivity results in Freezers OFF and ON 

dopaminergic medication. Figure (A) ROI to ROI functional connectivity t-statistic 

connectivity graph and matrices of 14 ROIs averaged across all subjects between each pair of 

ROIs, in the OFF and ON medication states, respectively. The ROI to ROI connectivity lies 

on a spectrum between red and blue, where red indicates a positive rsFC and blue indicates a 

negative rsFC. The varying shades of colours from red to blue represents the strength of 

connectivity, where a darker shade indicates a stronger connectivity. Figure (B) Resting state 

functional connectivity (RSFC) Fisher-Z correlation coefficient values in the OFF and ON 

medication states between selected ROI to ROI connectivity. Standard Error bars included. 

Legend: (P)= Putamen; (C)=Caudate; (N)=Nucleus Accumben; (A)= Amygdala; (H)= 

Hippo=Hippocampus; (FPN)= Fronto-parietal Attentional Network; (FPN PPC)= FPN 
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posterior parietal cortex. *Denotes statistical significance (p<0.05, FDR Uncorrected); # 

Denotes a trend towards significance (p<0.1). Figure (C) This figure depicts a visual 

representation of the results. Darker colours represent a stronger connectivity and lighter 

colours represent a weaker connectivity. 

 

 

 
 

Figure 2. Correlation scatterplot that showed a negative correlation between HADS-Anxiety 

and the resting state functional connectivity difference comparing OFF and ON medication 

states (OFF-ON) between the left amygdala and left lateral pre-frontal cortex. Findings 

indicated that higher baseline anxiety levels were associated with greater connectivity between 

these regions in the ON compared to the OFF-medication state, whereas lower anxiety levels 

were associated with reduced connectivity between these regions in the ON compared to the 

OFF-medication state.   
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Figure 3. Correlation scatterplot that showed a positive correlation between HADS-Anxiety 

and the resting state functional connectivity difference comparing OFF and ON medication 

states (OFF-ON) between the left putamen and left posterior parietal cortex. Findings indicated 

that higher baseline anxiety levels were associated with greater connectivity between these 

regions in the OFF compared to the ON-medication state, whereas lower anxiety levels were 

associated with increased connectivity between these regions in the ON compared to the OFF-

medication state 

 

 

4 Discussion 

In this study, we investigated the role of dopamine medication on the fronto-striatal-limbic 

circuit connectivity in PD Freezers. The main results showed that PD Freezers displayed 

increased rsFC between the right hippocampus and right caudate nucleus during OFF compared 

to ON dopaminergic medication state, while a negative rsFC was found between the left 

putamen and left PPC as part of the frontoparietal network. Lastly, a correlation was found 

between the HADS anxiety scale and the rsFC difference between the medication states of the 

left amygdala and left LPFC of the FPN, and between HADS anxiety and the rsFC difference 

between the medication states of the left putamen and left FPN PPC. Together the results 

suggest that dopaminergic medication partially modulated functional connectivity between the 
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limbic-striatal and frontoparietal-striatal networks. Specifically, differing anxiety levels 

resulted in differential effects with dopaminergic medication that impacted the functional 

connectivity between frontoparietal-striatal-limbic networks. 

 

Changes in rsFC with dopaminergic medication in PD Freezers 

Previous studies have found that dopaminergic medication alters connectivity in sensorimotor 

and cognitive networks in PD patients with FOG (Maillet et al., 2015; Matar et al., 2019). 

However, the effect of dopamine on limbic network connectivity has not been previously 

investigated. One recent study found a dysfunctional fronto-parietal-striatal-limbic circuitry in 

PD Freezers OFF their medication, where Freezers were unable to adequately recruit the FPN 

for top-down control over emotional processing, and hence it was postulated that an increased 

limbic load on the dopamine depleted striatum could lead to an increased risk of FOG events 

(Gilat et al., 2018). The current study went a step further to determine changes in rsFC of the 

fronto-striato-limbic circuitry in PD patients with FOG in their OFF and ON dopaminergic 

medication states. In keeping with prior work, the PD Freezers in the OFF state compared to 

the ON state demonstrated significantly increased positive connectivity between the right 

hippocampus and the right caudate indicative of increased subcortical limbic load, as well as a 

trend towards reduced coupling between the PPC, as part of the FPN, and the hippocampus, 

suggestive of reduced top-down emotional control in the OFF dopaminergic state. Together 

these results support the notion that dopaminergic medication may reduce subcortical limbic 

load while at the same time improve top-down emotional control exerted by the FPN over 

subcortical limbic regions (i.e., hippocampus), which in turn could reduce their propensity to 

experience FOG in ON (Gilat et al., 2018). 
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Indeed, a previous tasked-based fMRI study also showed a functional association between 

limbic regions and the caudate during freezing events ‘OFF’ dopaminergic medication 

(Ehgoetz Martens, Hall, et al., 2018). Moreover, a recent rsfMRI study revealed increased 

connectivity between the hippocampus and caudate in Freezers compared to non-Freezers, 

where the altered nodal centralities of the right hippocampus were associated with the severity 

of FOG (Li et al., 2021). These findings illustrate that hyperconnectivity between the 

hippocampus and the caudate is potentially associated with the pathogenesis of FOG (Li et al., 

2021). The current study supports and extends previous research by suggesting that 

dopaminergic medication reduces limbic load on the striatum.   

 

The current study also found increased positive rsFC between the left putamen and the left PPC 

of the FPN in the ON state while there was anti-coupling in the OFF state. On the one hand, 

the posterior cortex and subcortical systems have been associated with generation of emotional 

responses (Ochsner & Gross, 2005; Ochsner et al., 2012), and thus dopaminergic medications 

may facilitate top-down control over emotional responses. Alternatively, as the PPC is also 

implicated in sensorimotor integration (Mohan et al., 2018), in particular locomotor adaptation 

and visuomotor control (Mutha et al., 2011; Young et al., 2020). This increased coupling could 

represent a non-limbic functional connection whereby the PPC is able to provide sensory input 

to the striatal motor circuit when the posterior striatum is adequately medicated, but not when 

it is depleted of dopamine.  
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Relationship between Anxiety, Freezing Severity and Dopamine on Fronto-Parietal 

Limbic Circuitry  

Anxiety is worse in PD Freezers compared to PD non-Freezers, and inducing anxiety can even 

trigger FOG episodes in PD (Ehgoetz Martens et al., 2014; Ehgoetz Martens, Hall, et al., 2018; 

Ehgoetz Martens, Shine, et al., 2018).  Altered FPN functioning and reduced FPN-amygdala 

connectivity have been previously found in PD Freezers and this could lead to increased limbic 

demands on the striatum, increasing the risk of FOG (Gilat et al., 2018;Ochsner et al., 2012a; 

Tessitore, Amboni, Esposito, et al., 2012). Studies have also found decreased functional 

connectivity between the FPN and amygdala in healthy adults with high anxiety levels and 

patients with anxiety disorders (He et al., 2016; Mitchell et al., 2008). However, the interplay 

between anxiety and dopaminergic state in Freezers has not been previously explored at the 

neural network level.  The current study revealed a significant positive correlation between 

freezing severity and rsFC between the left amygdala and left PFC in the OFF-medication state.  

This suggests that top-down control from the FPN over the amygdala in Freezers in their OFF 

dopaminergic medication state is associated with the severity of freezing (Gilat et al., 2018). 

Furthermore, a negative association between the rsFC difference (OFF-ON) between the left 

amygdala and the left FPN lateral prefrontal cortex and the HADS-Anxiety total score was 

observed. This finding indicates that in more anxious Freezers, an increase in connectivity 

between the left FPN and the left amygdala was observed when these patients went from the 

OFF to the ON medication state. However, in less anxious Freezers, a reduction in connectivity 

(increased anti-coupling) was observed between these regions comparing the OFF to ON 

dopaminergic medication state. 

 

As the PFC is involved in regulating the processing of the striatum (Haber et al., 2006; Kannoet 

al., 2003, 2004), during the dopamine depleted OFF medication state, Freezers may not have 
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sufficient striatal dopamine to support PFC-amygdala limbic related processing. This was 

observed in a previous study where an altered PFC-amygdala functional connectivity was 

found in Freezers OFF dopaminergic medication (Gilat et al., 2018). However, when 

dopaminergic medication was administered in the ON state, striatal processing improves 

(Manza et al., 2018), for more anxious Freezers, this enables the PFC to be coupled with the 

amygdala for limbic related processing. Whereas patients with lower anxiety levels, require 

less top-down control of the amygdala for limbic processing, especially in the ON medication 

state when dopamine is restored. The results suggests that alterations to rsFC between the left 

amygdala and left LPFC brought about by dopaminergic medication were influenced by the 

degree of anxiety. As less anxious Freezers might require less top-down emotional control in 

comparison to anxious Freezers, and this may fit the idea of freezing subtypes (Ehgoetz 

Martens 2018).  

 

The existence of freezing of gait subtypes, where situations that typically trigger the FOG 

phenomenon has been proposed (Ehgoetz Martens, Shine, et al., 2018). The authors reported 

three phenotypes, namely anxious, asymmetric-motor and sensory-attention, where the 

subtypes represent distinctive pathological mechanisms that paroxysmally overwhelm the 

neural circuitry (Ehgoetz Martens, Shine, et al., 2018). According to this explanation, the 

susceptibility to situations that provoke FOG should coincide with domains related to the 

expression of their subtypes, for instance in highly anxious Freezers, limbic interference to the 

striatum could overwhelm striatal processing leading to FOG (Ehgoetz Martens, Shine, et al., 

2018). The current study supports this previous work, where with the administration of 

dopaminergic medication, more anxious Freezers showed improvements in the fronto-parietal-

limbic connectivity, whereas less anxious Freezers displayed some deterioration in this 

connectivity. This finding could account for some of the heterogeneity in dopamine 
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responsiveness in Freezers. The current findings also revealed a positive association between 

HADS-anxiety and rsFC difference (OFF-ON) between the left putamen and left PPC. This 

indicates that Freezers with higher anxiety levels showed reduced connectivity (increased anti-

coupling) with dopaminergic medication, while less anxious Freezers showed stronger 

connectivity in the ON state compared to the OFF. This finding further suggests that network 

changes associated with dopaminergic medication are not homogenous and supports the notion 

that different subtypes of freezing of gait could be associated with different effects on the 

frontoparietal-striatal-limbic connectivity.  

 

Research has shown that coupling between the PPC and hippocampus is also associated with 

emotional regulation (Cabeza et al., 2008a; Ciaramelli et al., 2020). Besides the significant 

coupling between the PPC and putamen, we similarly found marginally increased coupling 

between the PPC and the right hippocampus in PD Freezers ON their medication and a negative 

connectivity in OFF. These findings should be interpreted with caution but might suggest that 

Freezers were able to apply top-down control over emotional processing in the hippocampus 

only when medicated. Given that freezing is more severe in the OFF state and that the 

hippocampus is involved in memory retrieval ( Giladi, 2008; Wiltgen et al., 2010). The lack of 

top-down control in the OFF state could result in more negative emotional processing, possibly 

brought upon by the worse freezing they previously experienced in this medication state, i.e., 

a ‘fear of freezing’ during OFF. This interpretation remains speculative, however, as we did 

not assess emotional status during the rsfMRI scans. 

 

The present study did not find any difference in amygdala connectivity between medication 

states. In particular dopaminergic medication did not significantly alter the dysfunctional FPN-

amygdala connectivity as previously seen in PD Freezers OFF their medications (Gilat et al., 
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2018). However, in line with prior work, the bilateral amygdala and PFC regions were 

significantly negatively coupled when examined in the OFF-medication state, and this coupling 

was no longer observed in the ON medication state (Gilat et al., 2018). These findings could 

suggest that without adequate dopamine signalling, the FPN is rendered less able to control 

bottom-up fear processing, which may in part explain exacerbated FOG under conditions of 

high anxiety (Ehgoetz Martens et al., 2014; C. Gao et al., 2020; Gilat et al., 2018). We also 

found marginally increased coupling in ON between the left prefrontal cortex and left caudate, 

which are both areas of the cortico-striatal cognitive control loop (Tahmasian et al., 2015). Due 

to their lack of motor automaticity, PD patients, and in particular Freezers, are known to rely 

more on cognitive control during gait and movement in general (Gilat et al., 2017; Maidan et 

al., 2019). Our finding supports the notion of a cognitive involvement in the cortico-striatal 

circuit of Freezers, which is already detectable during rest in ON (Potvin-Desrochers et al., 

2019; Tessitore, Amboni, Esposito, et al., 2012).  

  

Limitations and future directions 

The current study did not obtain significant correlations between freezing severity and the 

difference between rsFC findings in the OFF and ON medication states.  However, as the 

FOGQ questionnaire was used to assess freezing severity, rather than an objective freezing of 

gait assessment, this could have affected the results.  

 

The current study investigated resting state functional connectivity, where the inclusion criteria 

was an interval of less than 1 year between scans, this could potentially could impact the 

veracity of our findings.  However, the average interval between scans was only 2 months and 

8 days, and only 8.7% of participants had an interval of more than 6 months between scans 

with the longest interval being 9 months and 7 days in between the two imaging sessions. 



 141 

Although during this time, the patient’s disease could have progressed, it should be noted that 

none of the patients changed their medications between the two scans. 

 

Importantly, although two statistically significant changes in rsFC were observed upon the 

administration of dopaminergic therapy in our cohort, these findings did not survive FDR 

corrections, possibly due to low power in the data caused by the limited sample size in the 

study. The findings hence require replication in future studies with larger cohorts of PD 

Freezers. Future studies should also further investigate whether subtypes (i.e., sensory-

attention, motor, limbic) of FOG have varying dopaminergic responsiveness and characterise 

the associated network changes across different FOG subtypes in order to increase the 

understanding of the effects of dopaminergic medication on FOG. Additionally, HADS 

Anxiety scores were only taken at baseline which did not enable the study to investigate the 

full extent of the relationship between anxiety and Levodopa related changes in Freezers.  

 

Future studies could also examine the effects of other pharmacological compounds on the 

fronto-striato limbic circuits in PD Freezers. In particular, how anti-anxiolitic or anti-

depressant therapy modulates this circuit PD Freezers, given that besides dopamine the limbic 

circuit is also modulated by other neurotransmitters such as noradrenaline and serotonin (Fisher 

& Hariri, 2013; Ressler & Nemeroff, 2000). Furthermore a recent study that manipulated 

anxiety with a virtual reality threat paradigm found an increased pupil dilation when PD 

Freezers navigated high threat conditions in VR, thus supporting the role of noradrenaline in 

anxiety and FOG in PD (Taylor et al., 2022). Non-pharmacological interventions are also of 

interest, for example, non-invasive repetitive transcranial magnetic stimulation (rTMS) and 

transcranial direct current stimulation (tDCS) have reported some improvements in the number 

and severity of FOG events (Mi et al., 2019; Valentino et al., 2014). Similarly, cognitive 
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behavioural therapy, a common approach to treat state anxiety, was also shown to be effective 

in the treatment of anxiety in PD (Dissanayaka et al., 2017). Future studies could also 

investigate if utilising such treatments of anxiety in PD could potentially aid in the reduction 

of freezing of gait as well (Cui & Lewis, 2021).  

 

Conclusion 

Dopaminergic medications partially modulate the frontoparietal-limbic-striatal circuitry in 

PD Freezers. In particular, it appeared that PD Freezers OFF dopamine medication 

experienced increased subcortical limbic load from the hippocampus to the striatum (i.e., 

caudate) while at the same time having reduced top-down emotional control coming from the 

frontoparietal network to the striatum (i.e., putamen), a combination which may render them 

more vulnerable to freezing in the OFF state. Greater anxiety was also found to be associated 

with reduced top-down control of the frontoparietal network over the amygdala in PD 

Freezers which was also associated with FOG severity. These findings provide further insight 

into the limbic underpinnings of freezing in PD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 143 

References 

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of Mental 

Disorders (Fifth Edition). American Psychiatric Association. 

https://doi.org/10.1176/appi.books.9780890425596 

Avants, B. B., Tustison, N. J., Song, G., Cook, P. A., Klein, A., & Gee, J. C. (2011). A 

reproducible evaluation of ANTs similarity metric performance in brain image 

registration. NeuroImage, 54(3), 2033–2044. 

https://doi.org/10.1016/j.neuroimage.2010.09.025 

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A component based noise correction 

method (CompCor) for BOLD and perfusion based fMRI. NeuroImage, 37(1), 90–

101. https://doi.org/10.1016/j.neuroimage.2007.04.042 

Bharti, K., Suppa, A., Pietracupa, S., Upadhyay, N., Giannì, C., Leodori, G., Di Biasio, F., 

Modugno, N., Petsas, N., Grillea, G., Zampogna, A., Berardelli, A., & Pantano, P. 

(2020). Aberrant functional connectivity in patients with Parkinson’s disease and 

freezing of gait: A within- and between-network analysis. Brain Imaging and 

Behavior, 14(5), 1543–1554. https://doi.org/10.1007/s11682-019-00085-9 

Bharti, K., Suppa, A., Tommasin, S., Zampogna, A., Pietracupa, S., Berardelli, A., & 

Pantano, P. (2019). Neuroimaging advances in Parkinson’s disease with freezing of 

gait: A systematic review. NeuroImage: Clinical, 24, 102059. 

https://doi.org/10.1016/j.nicl.2019.102059 

Cabeza, R., Ciaramelli, E., Olson, I. R., & Moscovitch, M. (2008). The parietal cortex and 

episodic memory: An attentional account. Nature Reviews Neuroscience, 9(8), 613–

625. https://doi.org/10.1038/nrn2459 

Canu, E., Agosta, F., Sarasso, E., Volontè, M. A., Basaia, S., Stojkovic, T., Stefanova, E., 

Comi, G., Falini, A., Kostic, V. S., Gatti, R., & Filippi, M. (2015). Brain structural 



 144 

and functional connectivity in Parkinson’s disease with freezing of gait. Human Brain 

Mapping, 36(12), 5064–5078. https://doi.org/10.1002/hbm.22994 

Ciaramelli, E., Burianová, H., Vallesi, A., Cabeza, R., & Moscovitch, M. (2020). Functional 

Interplay Between Posterior Parietal Cortex and Hippocampus During Detection of 

Memory Targets and Non-targets. Frontiers in Neuroscience, 14, 563768. 

https://doi.org/10.3389/fnins.2020.563768 

Cui, C. K., & Lewis, S. J. G. (2021). Future Therapeutic Strategies for Freezing of Gait in 

Parkinson’s Disease. Frontiers in Human Neuroscience, 15, 741918. 

https://doi.org/10.3389/fnhum.2021.741918 

Dissanayaka, N. N. W., Pye, D., Mitchell, L. K., Byrne, G. J., O’Sullivan, J. D., Marsh, R., & 

Pachana, N. A. (2017). Cognitive Behavior Therapy for Anxiety in Parkinson’s 

Disease: Outcomes for Patients and Caregivers. Clinical Gerontologist, 40(3), 159–

171. https://doi.org/10.1080/07317115.2016.1240131 

Dubois, B., Burn, D., Goetz, C., Aarsland, D., Brown, R. G., Broe, G. A., Dickson, D., 

Duyckaerts, C., Cummings, J., Gauthier, S., Korczyn, A., Lees, A., Levy, R., Litvan, 

I., Mizuno, Y., McKeith, I. G., Olanow, C. W., Poewe, W., Sampaio, C., … Emre, M. 

(2007). Diagnostic procedures for Parkinson’s disease dementia: Recommendations 

from the movement disorder society task force. Movement Disorders, 22(16), 2314–

2324. https://doi.org/10.1002/mds.21844 

Economou, K., Quek, D., MacDougall, H., Lewis, S. J. G., & Ehgoetz Martens, K. A. (2021). 

Heart Rate Changes Prior to Freezing of Gait Episodes Are Related to Anxiety. 

Journal of Parkinson’s Disease, 11(1), 271–282. https://doi.org/10.3233/JPD-202146 

Ehgoetz Martens, K. A., Ellard, C. G., & Almeida, Q. J. (2014). Does Anxiety Cause 

Freezing of Gait in Parkinson’s Disease? PLoS ONE, 9(9), e106561. 

https://doi.org/10.1371/journal.pone.0106561 



 145 

Ehgoetz Martens, K. A., Hall, J. M., Georgiades, M. J., Gilat, M., Walton, C. C., Matar, E., 

Lewis, S. J. G., & Shine, J. M. (2018). The functional network signature of 

heterogeneity in freezing of gait. Brain, 141(4), 1145–1160. 

https://doi.org/10.1093/brain/awy019 

Ehgoetz Martens, K. A., Pieruccini-Faria, F., & Almeida, Q. J. (2013). Could Sensory 

Mechanisms Be a Core Factor That Underlies Freezing of Gait in Parkinson’s 

Disease? PLoS ONE, 8(5), e62602. https://doi.org/10.1371/journal.pone.0062602 

Ehgoetz Martens, K. A., Shine, J. M., Walton, C. C., Georgiades, M. J., Gilat, M., Hall, J. M., 

Muller, A. J., Szeto, J. Y. Y., & Lewis, S. J. G. (2018). Evidence for subtypes of 

freezing of gait in Parkinson’s disease: Investigating Subtypes Of Freezing. 

Movement Disorders, 33(7), 1174–1178. https://doi.org/10.1002/mds.27417 

Espay, A. J., Fasano, A., van Nuenen, B. F. L., Payne, M. M., Snijders, A. H., & Bloem, B. 

R. (2012). ‘On’ state freezing of gait in Parkinson disease: A paradoxical levodopa-

induced complication. Neurology, 78(7), 454–457. 

https://doi.org/10.1212/WNL.0b013e3182477ec0 

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., Isik, A. I., Erramuzpe, A., Kent, 

J. D., Goncalves, M., DuPre, E., Snyder, M., Oya, H., Ghosh, S. S., Wright, J., 

Durnez, J., Poldrack, R. A., & Gorgolewski, K. J. (2019). fMRIPrep: A robust 

preprocessing pipeline for functional MRI. Nature Methods, 16(1), 111–116. 

https://doi.org/10.1038/s41592-018-0235-4 

Etkin, A., Prater, K. E., Schatzberg, A. F., Menon, V., & Greicius, M. D. (2009). Disrupted 

Amygdalar Subregion Functional Connectivity and Evidence of a Compensatory 

Network in Generalized Anxiety Disorder. Archives of General Psychiatry, 66(12), 

1361. https://doi.org/10.1001/archgenpsychiatry.2009.104 



 146 

Fahn, S. & The Parkinson Study Group. (2005). Does levodopa slow or hasten the rate of 

progression of Parkinson’s disease? Journal of Neurology, 252(S4), iv37–iv42. 

https://doi.org/10.1007/s00415-005-4008-5 

Fisher, P. M., & Hariri, A. R. (2013). Identifying serotonergic mechanisms underlying the 

corticolimbic response to threat in humans. Philosophical Transactions of the Royal 

Society B: Biological Sciences, 368(1615), 20120192. 

https://doi.org/10.1098/rstb.2012.0192 

Fling, B. W., Cohen, R. G., Mancini, M., Carpenter, S. D., Fair, D. A., Nutt, J. G., & Horak, 

F. B. (2014). Functional Reorganization of the Locomotor Network in Parkinson 

Patients with Freezing of Gait. PLoS ONE, 9(6), e100291. 

https://doi.org/10.1371/journal.pone.0100291 

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). “Mini-mental state”. Journal of 

Psychiatric Research, 12(3), 189–198. https://doi.org/10.1016/0022-3956(75)90026-6 

Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S. J., & Turner, R. (1996). 

Movement-Related effects in fMRI time-series: Movement Artifacts in fMRI. 

Magnetic Resonance in Medicine, 35(3), 346–355. 

https://doi.org/10.1002/mrm.1910350312 

Gao, C., Liu, J., Tan, Y., & Chen, S. (2020). Freezing of gait in Parkinson’s disease: 

Pathophysiology, risk factors and treatments. Translational Neurodegeneration, 9(1), 

12. https://doi.org/10.1186/s40035-020-00191-5 

Giladi, N. (2008). Medical treatment of freezing of gait. Movement Disorders, 23(S2), S482–

S488. https://doi.org/10.1002/mds.21914 

Giladi, N., Shabtai, H., Simon, E. S., Biran, S., Tal, J., & Korczyn, A. D. (2000). 

Construction of freezing of gait questionnaire for patients with Parkinsonism. 



 147 

Parkinsonism & Related Disorders, 6(3), 165–170. https://doi.org/10.1016/S1353-

8020(99)00062-0 

Gilat, M., Bell, P. T., Ehgoetz Martens, K. A., Georgiades, M. J., Hall, J. M., Walton, C. C., 

Lewis, S. J. G., & Shine, J. M. (2017). Dopamine depletion impairs gait automaticity 

by altering cortico-striatal and cerebellar processing in Parkinson’s disease. 

NeuroImage, 152, 207–220. https://doi.org/10.1016/j.neuroimage.2017.02.073 

Gilat, M., Ehgoetz Martens, K. A., Miranda-Domínguez, O., Arpan, I., Shine, J. M., Mancini, 

M., Fair, D. A., Lewis, S. J. G., & Horak, F. B. (2018). Dysfunctional Limbic 

Circuitry Underlying Freezing of Gait in Parkinson’s Disease. Neuroscience, 374, 

119–132. https://doi.org/10.1016/j.neuroscience.2018.01.044 

Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-Martin, P., 

Poewe, W., Sampaio, C., Stern, M. B., Dodel, R., Dubois, B., Holloway, R., Jankovic, 

J., Kulisevsky, J., Lang, A. E., Lees, A., Leurgans, S., LeWitt, P. A., Nyenhuis, D., … 

for the Movement Disorder Society UPDRS Revision Task Force. (2008). Movement 

Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale 

(MDS-UPDRS): Scale presentation and clinimetric testing results. Movement 

Disorders, 23(15), 2129–2170. https://doi.org/10.1002/mds.22340 

Haber, S. N., Kim, K.-S., Mailly, P., & Calzavara, R. (2006). Reward-Related Cortical Inputs 

Define a Large Striatal Region in Primates That Interface with Associative Cortical 

Connections, Providing a Substrate for Incentive-Based Learning. Journal of 

Neuroscience, 26(32), 8368–8376. https://doi.org/10.1523/JNEUROSCI.0271-

06.2006 

Hallquist, M. N., Hwang, K., & Luna, B. (2013). The nuisance of nuisance regression: 

Spectral misspecification in a common approach to resting-state fMRI preprocessing 



 148 

reintroduces noise and obscures functional connectivity. NeuroImage, 82, 208–225. 

https://doi.org/10.1016/j.neuroimage.2013.05.116 

He, Y., Xu, T., Zhang, W., & Zuo, X. (2016). Lifespan anxiety is reflected in human 

amygdala cortical connectivity. Human Brain Mapping, 37(3), 1178–1193. 

https://doi.org/10.1002/hbm.23094 

Hoehn, M. M., & Yahr, M. D. (1967). Parkinsonism: Onset, progression, and mortality. 

Neurology, 17(5), 427–427. https://doi.org/10.1212/WNL.17.5.427 

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved Optimization for the 

Robust and Accurate Linear Registration and Motion Correction of Brain Images. 

NeuroImage, 17(2), 825–841. https://doi.org/10.1006/nimg.2002.1132 

Kanno, M., Matsumoto, M., Togashi, H., Yoshioka, M., & Mano, Y. (2003). Effects of Acute 

Repetitive Transcranial Magnetic Stimulation on Extracellular Serotonin 

Concentration in the Rat Prefrontal Cortex. Journal of Pharmacological Sciences, 

93(4), 451–457. https://doi.org/10.1254/jphs.93.451 

Kanno, M., Matsumoto, M., Togashi, H., Yoshioka, M., & Mano, Y. (2004). Effects of acute 

repetitive transcranial magnetic stimulation on dopamine release in the rat 

dorsolateral striatum. Journal of the Neurological Sciences, 217(1), 73–81. 

https://doi.org/10.1016/j.jns.2003.08.013 

Khatri, D. K., Choudhary, M., Sood, A., & Singh, S. B. (2020). Anxiety: An ignored aspect 

of Parkinson’s disease lacking attention. Biomedicine & Pharmacotherapy, 131, 

110776. https://doi.org/10.1016/j.biopha.2020.110776 

Lewis, S. J. G., & Barker, R. A. (2009). A pathophysiological model of freezing of gait in 

Parkinson’s disease. Parkinsonism & Related Disorders, 15(5), 333–338. 

https://doi.org/10.1016/j.parkreldis.2008.08.006 



 149 

Lewis, S. J. G., & Shine, J. M. (2016). The Next Step: A Common Neural Mechanism for 

Freezing of Gait. The Neuroscientist, 22(1), 72–82. 

https://doi.org/10.1177/1073858414559101 

Li, N., Suo, X., Zhang, J., Lei, D., Wang, L., Li, J., Peng, J., Duan, L., Gong, Q., & Peng, R. 

(2021). Disrupted functional brain network topology in Parkinson’s disease patients 

with freezing of gait. Neuroscience Letters, 759, 135970. 

https://doi.org/10.1016/j.neulet.2021.135970 

Lieberman, A. (2006). Are Freezing of Gait (FOG) and panic related? Journal of the 

Neurological Sciences, 248(1–2), 219–222. https://doi.org/10.1016/j.jns.2006.05.023 

Lindquist, M. A., Geuter, S., Wager, T. D., & Caffo, B. S. (2019). Modular preprocessing 

pipelines can reintroduce artifacts into fMRI data. Human Brain Mapping, 40(8), 

2358–2376. https://doi.org/10.1002/hbm.24528 

Maidan, I., Jacob, Y., Giladi, N., Hausdorff, J. M., & Mirelman, A. (2019). Altered 

organization of the dorsal attention network is associated with freezing of gait in 

Parkinson’s disease. Parkinsonism & Related Disorders, 63, 77–82. 

https://doi.org/10.1016/j.parkreldis.2019.02.036 

Maillet, A., Thobois, S., Fraix, V., Redouté, J., Le Bars, D., Lavenne, F., Derost, P., Durif, F., 

Bloem, B. R., Krack, P., Pollak, P., & Debû, B. (2015). Neural substrates of 

levodopa-responsive gait disorders and freezing in advanced Parkinson’s disease: A 

kinesthetic imagery approach: Neuroimaging of Gait Disorders in Advanced PD. 

Human Brain Mapping, 36(3), 959–980. https://doi.org/10.1002/hbm.22679 

Manza, P., Schwartz, G., Masson, M., Kann, S., Volkow, N. D., Li, C. R., & Leung, H.-C. 

(2018). Levodopa improves response inhibition and enhances striatal activation in 

early-stage Parkinson’s disease. Neurobiology of Aging, 66, 12–22. 

https://doi.org/10.1016/j.neurobiolaging.2018.02.003 



 150 

Marchand, W. R. (2010). Cortico-basal ganglia circuitry: A review of key research and 

implications for functional connectivity studies of mood and anxiety disorders. Brain 

Structure and Function, 215(2), 73–96. https://doi.org/10.1007/s00429-010-0280-y 

Matar, E., Shine, J. M., Gilat, M., Ehgoetz Martens, K. A., Ward, P. B., Frank, M. J., 

Moustafa, A. A., Naismith, S. L., & Lewis, S. J. G. (2019). Identifying the neural 

correlates of doorway freezing in Parkinson’s disease. Human Brain Mapping, 40(7), 

2055–2064. https://doi.org/10.1002/hbm.24506 

Mi, T. M., Garg, S., Ba, F., Liu, A.-P., Wu, T., Gao, L.-L., Dan, X.-J., Chan, P., & 

McKeown, M. J. (2019). High-frequency rTMS over the supplementary motor area 

improves freezing of gait in Parkinson’s disease: A randomized controlled trial. 

Parkinsonism & Related Disorders, 68, 85–90. 

https://doi.org/10.1016/j.parkreldis.2019.10.009 

Mitchell, D. G. V., Luo, Q., Mondillo, K., Vythilingam, M., Finger, E. C., & Blair, R. J. R. 

(2008). The interference of operant task performance by emotional distracters: An 

antagonistic relationship between the amygdala and frontoparietal cortices. 

NeuroImage, 40(2), 859–868. https://doi.org/10.1016/j.neuroimage.2007.08.002 

Mohan, H., de Haan, R., Mansvelder, H. D., & de Kock, C. P. J. (2018). The Posterior 

Parietal Cortex as Integrative Hub for Whisker Sensorimotor Information. 

Neuroscience, 368, 240–245. https://doi.org/10.1016/j.neuroscience.2017.06.020 

Mutha, P. K., Sainburg, R. L., & Haaland, K. Y. (2011). Left Parietal Regions Are Critical 

for Adaptive Visuomotor Control. Journal of Neuroscience, 31(19), 6972–6981. 

https://doi.org/10.1523/JNEUROSCI.6432-10.2011 

Nieuwboer, A., & Giladi, N. (2008). The challenge of evaluating freezing of gait in patients 

with Parkinson’s disease. British Journal of Neurosurgery, 22(sup1), S16–S18. 

https://doi.org/10.1080/02688690802448376 



 151 

Nieuwboer, A., & Giladi, N. (2013). Characterizing freezing of gait in Parkinson’s disease: 

Models of an episodic phenomenon: Freezing of Gait: Models of The Episodes. 

Movement Disorders, 28(11), 1509–1519. https://doi.org/10.1002/mds.25683 

Nutt, J. G., Bloem, B. R., Giladi, N., Hallett, M., Horak, F. B., & Nieuwboer, A. (2011). 

Freezing of gait: Moving forward on a mysterious clinical phenomenon. The Lancet 

Neurology, 10(8), 734–744. https://doi.org/10.1016/S1474-4422(11)70143-0 

Ochsner, K., & Gross, J. (2005). The cognitive control of emotion. Trends in Cognitive 

Sciences, 9(5), 242–249. https://doi.org/10.1016/j.tics.2005.03.010 

Ochsner, K. N., Silvers, J. A., & Buhle, J. T. (2012). Functional imaging studies of emotion 

regulation: A synthetic review and evolving model of the cognitive control of 

emotion: Functional imaging studies of emotion regulation. Annals of the New York 

Academy of Sciences, 1251(1), E1–E24. https://doi.org/10.1111/j.1749-

6632.2012.06751.x 

Potvin-Desrochers, A., Mitchell, T., Gisiger, T., & Paquette, C. (2019). Changes in Resting-

State Functional Connectivity Related to Freezing of Gait in Parkinson’s Disease. 

Neuroscience, 418, 311–317. https://doi.org/10.1016/j.neuroscience.2019.08.042 

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E. (2012). 

Spurious but systematic correlations in functional connectivity MRI networks arise 

from subject motion. NeuroImage, 59(3), 2142–2154. 

https://doi.org/10.1016/j.neuroimage.2011.10.018 

Power, J. D., Mitra, A., Laumann, T. O., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E. 

(2014). Methods to detect, characterize, and remove motion artifact in resting state 

fMRI. NeuroImage, 84, 320–341. https://doi.org/10.1016/j.neuroimage.2013.08.048 



 152 

Power, J. D., Plitt, M., Laumann, T. O., & Martin, A. (2017). Sources and implications of 

whole-brain fMRI signals in humans. NeuroImage, 146, 609–625. 

https://doi.org/10.1016/j.neuroimage.2016.09.038 

Ressler, K. J., & Nemeroff, C. B. (2000). Role of serotonergic and noradrenergic systems in 

the pathophysiology of depression and anxiety disorders. Depression and Anxiety, 

12(S1), 2–19. https://doi.org/10.1002/1520-6394(2000)12:1+<2::AID-

DA2>3.0.CO;2-4 

Rohr, C. S., Dreyer, F. R., Aderka, I. M., Margulies, D. S., Frisch, S., Villringer, A., & Okon-

Singer, H. (2015). Individual differences in common factors of emotional traits and 

executive functions predict functional connectivity of the amygdala. NeuroImage, 

120, 154–163. https://doi.org/10.1016/j.neuroimage.2015.06.049 

Shine, J. M., Matar, E., Ward, P. B., Bolitho, S. J., Gilat, M., Pearson, M., Naismith, S. L., & 

Lewis, S. J. G. (2013). Exploring the cortical and subcortical functional magnetic 

resonance imaging changes associated with freezing in Parkinson’s disease. Brain, 

136(4), 1204–1215. https://doi.org/10.1093/brain/awt049 

Shine, J. M., Matar, E., Ward, P. B., Frank, M. J., Moustafa, A. A., Pearson, M., Naismith, S. 

L., & Lewis, S. J. G. (2013). Freezing of gait in Parkinson’s disease is associated with 

functional decoupling between the cognitive control network and the basal ganglia. 

Brain, 136(12), 3671–3681. https://doi.org/10.1093/brain/awt272 

Song, W., Raza, H. K., Lu, L., Zhang, Z., Zu, J., Zhang, W., Dong, L., Xu, C., Gong, X., Lv, 

B., & Cui, G. (2021). Functional MRI in Parkinson’s disease with freezing of gait: A 

systematic review of the literature. Neurological Sciences, 42(5), 1759–1771. 

https://doi.org/10.1007/s10072-021-05121-5 

Tahmasian, M., Bettray, L. M., van Eimeren, T., Drzezga, A., Timmermann, L., Eickhoff, C. 

R., Eickhoff, S. B., & Eggers, C. (2015). A systematic review on the applications of 



 153 

resting-state fMRI in Parkinson’s disease: Does dopamine replacement therapy play a 

role? Cortex, 73, 80–105. https://doi.org/10.1016/j.cortex.2015.08.005 

Taylor, N. L., Wainstein, G., Quek, D., Lewis, S. J. G., Shine, J. M., & Ehgoetz Martens, K. 

A. (2022). The Contribution of Noradrenergic Activity to Anxiety‐Induced Freezing 

of Gait. Movement Disorders, 37(7), 1432–1443. https://doi.org/10.1002/mds.28999 

Tessitore, A., Amboni, M., Esposito, F., Russo, A., Picillo, M., Marcuccio, L., Pellecchia, M. 

T., Vitale, C., Cirillo, M., Tedeschi, G., & Barone, P. (2012). Resting-state brain 

connectivity in patients with Parkinson’s disease and freezing of gait. Parkinsonism & 

Related Disorders, 18(6), 781–787. https://doi.org/10.1016/j.parkreldis.2012.03.018 

Valentino, F., Cosentino, G., Brighina, F., Pozzi, N. G., Sandrini, G., Fierro, B., Savettieri, 

G., D’Amelio, M., & Pacchetti, C. (2014). Transcranial direct current stimulation for 

treatment of freezing of gait: A cross-over study: T DCS As Feasible Option of 

Treatment for Fog. Movement Disorders, 29(8), 1064–1069. 

https://doi.org/10.1002/mds.25897 

Walton, C. C., Shine, J. M., Hall, J. M., O’Callaghan, C., Mowszowski, L., Gilat, M., Szeto, 

J. Y. Y., Naismith, S. L., & Lewis, S. J. G. (2015). The major impact of freezing of 

gait on quality of life in Parkinson’s disease. Journal of Neurology, 262(1), 108–115. 

https://doi.org/10.1007/s00415-014-7524-3 

Wiltgen, B. J., Zhou, M., Cai, Y., Balaji, J., Karlsson, M. G., Parivash, S. N., Li, W., & Silva, 

A. J. (2010). The Hippocampus Plays a Selective Role in the Retrieval of Detailed 

Contextual Memories. Current Biology, 20(15), 1336–1344. 

https://doi.org/10.1016/j.cub.2010.06.068 

Young, D. R., Parikh, P. J., & Layne, C. S. (2020). The Posterior Parietal Cortex Is Involved 

in Gait Adaptation: A Bilateral Transcranial Direct Current Stimulation Study. 



 154 

Frontiers in Human Neuroscience, 14, 581026. 

https://doi.org/10.3389/fnhum.2020.581026 

Zhang, L. L., Duff Canning, S., & Wang, X. P. (2016). Freezing of Gait in Parkinsonism and 

its Potential Drug Treatment. Current Neuropharmacology, 14(4), 302–306. 

https://doi.org/10.2174/1570159X14666151201190040 

Zigmond, A. S., & Snaith, R. P. (1983). The Hospital Anxiety and Depression Scale. Acta 

Psychiatrica Scandinavica, 67(6), 361–370. https://doi.org/10.1111/j.1600-

0447.1983.tb09716.x 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 155 

Chapter 5 Discussion 

 

Previous research on freezing of gait (FOG) in Parkinson’s Disease (PD) has focused on the 

role of motor pathways, neglecting the importance of non-motor pathways in its 

pathophysiology. However, in recent years, an increasing number of studies have explored 

the role of cognitive and limbic pathways and the influence of these factors on FOG (Ehgoetz 

Martens, Hall, et al., 2018; Shine et al., 2013), with particular attention centred on the 

contribution of anxiety (Ehgoetz Martens et al., 2014; Martens et al., 2016). 

 

In this thesis, I have replicated findings that anxiety contributes to FOG, as well as explored 

how anxiety may be influencing FOG and how this might be reproduced experimentally 

utilising Virtual Reality (VR), in order to further evaluate underlying neural mechanisms.  

Furthermore, whilst previous research has identified how sensory feedback can help to 

alleviate FOG, the work presented in this thesis identified how concurrent anxiety might 

disrupt this effect. This could inform future studies in considering alternative methods of 

intervention that could effectively reduce anxiety Finally, the work I have presented here, has 

for the first time, demonstrated how dopaminergic medication might influence anxiety-

related functional connectivity across brain regions in PD patients with FOG. 

5.1 Overview of findings  

5.1.1. Chapter 2: Validating a Seated Virtual Reality Threat Paradigm for Inducing 

Anxiety and Freezing of Gait in Parkinson’s Disease  

Previous work has sought to establish the causal relationship between anxiety and FOG 

(Ehgoetz Martens et al., 2014).  In that study, participants walked with a VR headset and 

navigated through a VR environment with different threat levels, walking along the ground 

and across elevated planks (Ehgoetz Martens et al., 2014). PD Freezers compared to non-
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Freezers reported higher levels of anxiety in general, and showed greater number of FOG and 

severity of freezing in the high threat compared to the low threat condition (Ehgoetz Martens 

et al., 2014).   My work in Chapter 2 replicated these findings using a similar VR paradigm 

where Freezers reported worse anxiety and showed more freezing of gait when they 

navigated the elevated condition, in particular, the Elevated+Narrow compared to the 

Elevated+Wide and ground conditions. Importantly, this study also incorporated a seated 

version of the VR paradigm with the goal of developing and validating this paradigm for use 

in future fMRI studies that could elucidate the neural correlates of anxiety that sets the stage 

for freezing.  In the seated VR paradigm, participants navigated through the VR environment 

with foot pedals watching their progress on a screen. The seated VR paradigm also 

demonstrated that the Elevated+Narrow condition induced significantly higher self-reported 

anxiety and more freezing compared to the ground condition.  In addition, percentage of time 

spent frozen (%FOG) showed a significant positive correlation between the Elevated+Narrow 

condition of the walking and seated VR paradigm. Hence, these findings suggest that the 

seated VR plank paradigm is able to elicit freezing behaviour that is analogous to that 

provoked in the walking VR paradigm.  

To further understand the time course of how anxiety might lead to FOG, a follow-up study 

also measured heart rate during plank walking conditions. As presented in Appendix 2.1, 

where I was a co-author for this follow up study. Findings showed that whilst navigating the 

high threat anxiety inducing condition, Freezers showed an increase in heart rate 4-6 seconds 

prior to a FOG event, whereas heart rate changes were not observed prior to freezing in the 

low threat condition (Economou et al., 2021).Moreover when the study compared anxious 

and non-anxious Freezers, only those with greater anxiety showed an increased severity of 

FOG in the high threat condition (Economou et al., 2021). This result provided further 

evidence that anxiety appears to be involved in triggering FOG.  
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Findings in chapter 2 and the further validation of the relationship between anxiety and FOG 

which investigated heart rate in Appendix 2.1, enabled another study on which I am co-author 

on, which is presented in Appendix 2.2, to be carried out. This study investigated the neural 

dynamics related to anxiety provoked freezing behaviour in the fMRI scanner, where the VR 

seated paradigm was utilized in the scanner. Findings revealed that increased cross-talk due 

to increased limbic load could increase one’s vulnerability towards interference which could 

lead to freezing of gait. During the high threat condition, cross talk across and within the 

subcortex became more integrated which suggests a dysfunctional basal ganglia circuitry in 

Freezers, as the basal ganglia typically functions through segregated parallel pathways 

(Taylor et al., 2022). Furthermore, ascending noradrenergic responses observed through pupil 

dilation during threatening conditions could lead to hyper-integration in cortical brain states, 

interfering with the basal ganglia circuitry, which could lead to gait dysfunctions. 

In summary, chapter 2 investigated the behavioural impact of anxiety on freezing of gait, 

whilst Appendix 2.1 provided additional physiological evidence for this relationship. The 

study in Chapter 2 also established a reliable protocol where FOG can be elicited in an MRI 

scanner which enabled the neural underpinnings of anxiety related FOG to be explored in 

Appendix 2.2. In gaining evidence that anxiety is a key causal factor of FOG, the next 

chapters investigated treatment methods in which patients with FOG are currently utilising 

and whether anxiety is a factor that influences the effectiveness of these current methods. 

5.1.2. Chapter 3: The influence of visual feedback on alleviating freezing of gait in 

Parkinson’s disease is reduced by anxiety  

Whilst Chapter 2 replicated the findings that walking in a threatening VR paradigm is 

effective at eliciting FOG, Chapter 3 utilised the same walking VR paradigm to investigate 

whether anxiety influences Freezer’s ability to use sensory feedback to overcome FOG.  One 
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previous study had found that highly anxious PD patients, particularly in the OFF 

dopaminergic state were less able to make use of sensory feedback to regulate their walking 

behaviour in high threat conditions compared to low threat conditions (Ehgoetz Martens et 

al., 2015). However, the study was not specifically conducted in PD Freezers to determine 

any interaction between FOG, anxiety, and the utilization of sensory feedback.  

Chapter 3 reported the novel finding that anxiety interferes with the ability of sensory 

feedback to improve FOG.  This was evaluated by providing (and removing) vision of real-

time lower limb movements as a form of visual feedback about the participants self-motion 

(also termed ex-proprioception). Interestingly, no differences in the percentage of time spent 

frozen (%FOG) were observed when comparing FOG in the high threat condition with and 

without visual feedback.  However, in the low threat condition, there was significantly 

reduced %FOG when visual feedback was provided compared to when it was not available.  

Given that there were no differences in self-reported anxiety regardless of visual feedback, 

the observed reduction of %FOG with the use of sensory feedback could not be attributed to 

any reduction in anxiety.  Instead, body movement related visual feedback could have 

compensated for proprioceptive deficits and aided in facilitating better conscious goal-

directed gait control in the low threat condition. In contrast, this study found that visual 

feedback was unable to improve FOG in the high threat condition, suggesting that anxiety 

interferes with the utilisation of sensory feedback, possibly by ‘consuming’ the resources 

required for sensory processing and this could then reduce the likelihood of subsequent 

improvements in freezing of gait (Eysenck et al., 2007). This study also highlights the need to 

consider the role of anxiety when investigating future compensation strategies to improve 

FOG.  For example, highly anxious PD patients with FOG may be unlikely to benefit from 

sensory feedback strategies such as visual or auditory cueing. Thus, alternative strategies may 

be required for anxious Freezers. 
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As Freezers have a loss of automaticity that can be observed through the reduction in gait 

performance during dual tasking (Spildooren et al., 2010). These deficits may benefit from 

external cues and feedback to aid the guidance of stepping patterns (Rahman et al., 2008).  

Visual cues have been found to improve gait parameters (step time, step length, DST%) even 

during situations with high cognitive load such as dual tasking, and it has been postulated that 

these cues facilitate greater conscious control of gait and sampling of proprioceptive 

information (Beck et al., 2015). This suggests that FOG does not result from merely 

allocating attention away from gait or the increased attentional demands from dual-tasking 

(Beck et al., 2015). Instead, visual cues could potentially reduce the demand on processing 

resources required for gait when movements are guided through utilising alternate neural 

pathways such as the cerebellum, which reduces the processing load going through the basal 

ganglia (Beck et al., 2015). Cognitive load however is different from anxiety, as attentional 

resources tend to be biased towards resolving threatening situations (Eysenck et al., 2007). 

Despite research that suggests visual feedback could reduce processing demands and free up 

attentional resources to be utilised for gait related processing (Beck et al., 2015).  The 

insufficient processing capacity in Freezers from the dopamine depleted striatum, coupled 

with increased resources required for conscious gait control and the attentional biases 

towards threat, could explain the lack of improvements observed when visual feedback was 

provided in the high threat condition. The findings from Chapter 4 suggests that increased 

anxiety could have interfered with the processing of sensory information provided to 

facilitate gait.  

 

The current findings are also aligned with a previous study where anxiety interfered with the 

utilisation of visual feedback to improve gait in individuals with PD who were not 
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specifically recruited with FOG (Ehgoetz Martens et al., 2015). Particularly, in anxiety 

inducing conditions, PD patients with high anxiety levels were unable to utilise visual 

feedback to improve gait.  However, those patients with low levels of anxiety were able to 

adjust their step width with visual feedback (Ehgoetz Martens et al., 2015). Interestingly, 

when dopaminergic medication was administered, in both the elevated and ground walking 

conditions, only the highly anxious PD patients reduced their step time variability with visual 

feedback but not PD patients with low anxiety levels (Ehgoetz Martens et al., 2015). This 

suggests that depending on the anxiety levels within individual PD patients, dopaminergic 

medication could have different effects on information processing that would or would not 

enable the usage of visual feedback to improve gait.  

 

Although the effectiveness of sensory feedback is affected by the presence of anxiety when 

patients are in the OFF dopaminergic medication state. There is a possibility that this would 

change in the ON dopaminergic medication state, as freezing of gait is often improved when 

patients are ON medication (Giladi, 2008). In the study mentioned above, they also found 

that dopaminergic medication improved variability of step time when visual feedback was 

provided to high anxiety PD patients when they were in the ON medication state (Ehgoetz 

Martens et al., 2015). Hence, it would be beneficial to investigate the effect of dopaminergic 

medication on the limbic network connectivity in PD patients with FOG to understand the 

role of medication on brain mechanisms in Freezers. With this in mind, Chapter 4 explored 

the effect of dopaminergic therapy on the connectivity across brain regions implicated in 

FOG and anxiety. 
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5.1.3. Chapter 4: The effect of dopamine on limbic network connectivity at rest in 

Parkinson’s disease patients with freezing of gait 

 

The previous chapters showed that anxiety triggers freezing of gait, and the utilisation of 

sensory feedback, a commonly used treatment method of FOG, was not beneficial in 

improving freezing in anxiety inducing conditions. It is hence important to investigate the 

relationship between medication and brain regions involved in anxiety and freezing to further 

understand this symptom of PD and inform future treatment methods. Chapter 4 of my thesis 

investigated the effects of dopaminergic medication on the fronto-parietal-striatal-limbic 

circuitry in PD Freezers, as well as the association between self-reported anxiety and 

dopaminergic medication related improvements in this circuitry.  

 

It is well-known that Freezers differ in their responsiveness to dopaminergic medication 

(Amboni et al., 2015; Virmani et al., 2021). A prior study investigated subtypes of freezing of 

gait in situations that typically trigger this phenomenon (Ehgoetz Martens, Shine, et al., 

2018). The study identified three distinct subtypes and amongst them, anxious Freezers 

showed the least change in severity of freezing compared to sensorimotor and asymmetric 

subtypes, when Freezers were OFF compared to ON dopaminergic medication (Ehgoetz 

Martens, Shine, et al., 2018). This could suggest that PD Freezers’ responsiveness to 

dopaminergic medication could differ depending on subtype of freezing, in particular anxious 

Freezers. Although the differential effects of dopaminergic medication in Freezers have been 

identified, no previous studies have investigated the difference in resting state functional 

connectivity in Freezers OFF compared to ON dopaminergic medication.  
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Given that anxiety has been associated with the pathophysiology of FOG (Ehgoetz Martens et 

al., 2014) and is thought to be modulated by the limbic circuitry (Adhikari, 2014), some work 

exploring the connectivity of these pathways in PD Freezers has been undertaken. One 

previous study compared the resting state functional connectivity in Freezers compared to 

non-Freezers and reported that Freezers had a dysfunctional limbic circuitry (Gilat et al., 

2018). This study found that Freezers were less able to recruit the FPN for top-down control 

over emotional processing, and suggested that an increased limbic load on the striatum could 

lead to an increased risk of FOG (Gilat et al., 2018).   

 

The work in Chapter 4 of this thesis, compared PD Freezers OFF and ON their dopaminergic 

medication using resting state fMRI to explore any differences across the fronto-parietal-

striatal-limbic circuitry. Freezers in their OFF compared to ON medication state 

demonstrated an increased rsFC between the right hippocampus and right caudate, which 

might in turn lead to increased limbic load on the striatum. Furthermore, when dopaminergic 

medication was administered, there was a trend towards reduced negative connectivity 

between the posterior parietal cortex (PPC) and the hippocampus, which could indicate an 

improvement in top-down emotional control that was found to be reduced in Freezers 

compared to non-Freezers in a previous study (Gilat et al., 2018). Increased resting state 

functional connectivity between the hippocampus and caudate has also been reported 

elsewhere in Freezers compared to non-Freezers (Li et al., 2021).  Hence, dopaminergic 

medication may be able to reduce limbic load on the striatum, improving top-down emotional 

control of the FPN over the hippocampus.   

 

An increased positive connectivity between the left putamen and left posterior parietal cortex 

(PPC) was also observed with medication. This finding could suggest that dopaminergic 
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medication may enable increased top-down attentional control over emotional responses in 

the cortico-striatal motor circuits, where subcortical regions and the posterior cortex have 

been linked to generations of emotional responses (Ochsner & Gross, 2005a; Ochsner et al., 

2012a). It could also suggest an improvement in non-limbic functional connectivity, whereby 

the PPC has been implicated in sensorimotor integration (Mohan et al., 2018). Hence, the 

increased coupling could represent an improvement in the PPC providing sensory input to the 

striatal motor circuit when dopamine is restored in PD Freezers.  

 

Findings also revealed a negative association between the rsFC difference (OFF-ON) 

between the left amygdala and the left lateral prefrontal cortex (PFC) and the HADS-Anxiety 

total score. This indicates that more anxious Freezers exhibited an increase in connectivity 

between the FPN and amygdala in the ON compared to the OFF medication state. However, 

less anxious patients showed a reduction in the connectivity between these regions when 

medicated.  These findings suggest that dopaminergic medication related changes in rsFC 

between these regions were influenced by the degree of anxiety within PD patients with 

FOG.  Highly anxious Freezers may require more top-down control over emotional 

processing, which can be facilitated by dopaminergic medication.  In contrast, less anxious 

Freezers may need less of this control and are thus less sensitive to dopaminergic 

amelioration. Anxiety studies have also found reduced functional connectivity between the 

FPN and amygdala in adults with higher levels of anxiety and anxiety disorders (He et al., 

2016; Mitchell et al., 2008).   Results obtained from this thesis also revealed a positive 

association between the HADS-anxiety score and the rsFC difference (OFF-ON) between the 

left putamen and left FPN PPC suggesting that with dopaminergic medication, Freezers with 

higher levels of anxiety exhibited reduced connectivity (increased anti-coupling) between 

these regions, whereas less anxious Freezers showed a stronger connectivity.  During the 
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OFF-medication state, more anxious Freezers may require more top-down control through 

the cortico-striatal motor circuit for sensorimotor integration, to prevent motor breakdowns 

by reducing processing load on the striatum required for sensory-motor integration. However, 

when dopaminergic levels were restored, this additional control is no longer necessary. On 

the other hand, Freezers with lower levels of anxiety may require less of this connectivity in 

the OFF state. This heterogeneity in responsiveness to dopaminergic medication in people 

with different degrees of anxiety supports the idea that subtypes of FOG could exist (Ehgoetz 

Martens, Hall, et al., 2018), and different subtypes could lead to varying effects of Levodopa. 

Also contrary to previous findings (Ehgoetz Martens, Shine, et al., 2018),  anxious Freezers 

appeared to have benefitted more from dopaminergic medication compared to less anxious 

Freezers. However, as the current study focused predominately on the limbic circuity, less 

anxious Freezers could have required less alterations to these regions.  

 

Taken together these findings could suggest reduced tendencies towards FOG episodes in the 

ON compared to OFF medication state, in patients with higher levels of anxiety.  This would 

suggest that the benefits of dopaminergic amelioration on FOG may be acting beyond the 

simple improvement of motoric pathways.  This finding could account for some of the 

heterogeneity in dopamine responsiveness in Freezers, where future studies could investigate 

whether other subtypes of FOG have varying dopaminergic responsiveness in their related 

circuitries.  

 

5.2. General discussion 

 

The overarching aim of the current thesis is to enhance the understanding behind the 

relationship between anxiety and freezing of gait. Hence a series of three studies were 

conducted to achieve this aim, the first study conducted in chapter 2 of the thesis replicated 
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previous findings and further validated that anxiety is a trigger of freezing of gait. This 

enabled the second part of the study to develop a seated version of the VR threat paradigm 

that is MRI scanner compatible, which was found to be an adequate surrogate of the walking 

VR paradigm. With this, it was then important to measure physiological indicators of anxiety 

to ascertain that anxiety was at play, and Appendix 2.1 added to Chapter 2 and found 

pronounced increase in heart rate prior to FOG in threatening environments. To further 

understand neural correlates behind anxiety-related FOG, Appendix 2.2 brought the VR 

seated threat paradigm into the scanner and found increased integration within the brain 

between originally segregated networks and regions. Hence, chapter 2 and the associated 

studies in the Appendixes that I was a co-author on, suggest that anxiety plays a key role in 

freezing, with supporting research that included a full range, from behavioural, physiological 

to brain imaging.  

 

Upon validating the importance of anxiety in eliciting FOG, it became vital to investigate 

whether anxiety affects current physiological attentional strategies that are commonly used to 

alleviate FOG. Chapter 3 of the current thesis found that anxiety does interfere with the  

utilisation of visual feedback. This then brings the attention to medication, especially 

dopaminergic medication which is currently the most effective medication in reducing FOG. 

Despite high levels of effectiveness, heterogeneity in responsiveness to this medication exists 

in Freezers. As anxiety is a key causal factor in FOG, investigating the effects of 

dopaminergic medication on the limbic circuitry that is vital in modulating anxiety, would 

provide more insights into the treatment of FOG. Chapter 4 of the current thesis examined 

this relationship using a resting state functional connectivity study and found that medication 

partially modulates the fronto-parietal-striatal-limbic circuitry in Freezers. Also, anxious 

Freezers benefitted more from dopaminergic interventions within this circuitry than less 
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anxious Freezers. This could explain some of the differences in responsiveness to Levodopa 

in PD patients with FOG, where medication could potentially affect separate systems 

differently depending on the subtype of freezing of gait.  

 

Hence the findings from all three chapters supported the key role of anxiety in leading to 

FOG, and are aligned with the interference model, which suggests that in PD Freezers, 

certain motor (e.g. turning), cognitive (e.g. dual tasking) and limbic (e.g. anxiety) situations 

could overwhelm the dopamine depleted striatum resulting in freezing of gait (Lewis & 

Barker, 2009). Research into other common triggers of FOG such as start hesitation and 

turning has led to the development of models proposed to explain the pathophysiology of 

freezing of gait (Nieuwboer & Giladi, 2013). These models were discussed in the 

introduction, and they include the cognitive model, threshold model, decoupling model and 

inference model. However, most of the models were focused on only one specific impairment 

which was either motor or cognitive. In contrary, the interference model captured the 

complex nature of FOG and accounted for not only motor and cognitive factors but also 

incorporated anxiety into explaining FOG.  

 

The model also highlights the lack of resources due to reduction in striatal dopamine (Lewis 

& Barker, 2009), this could affect concurrent processing when PD Freezers encounter anxiety 

inducing situations while walking. As automaticity in gait is impaired in Freezers, increased 

resources are necessary for conscious control of gait (Spildooren et al., 2010). In Freezers 

with reduced processing resources, when they encounter anxiety inducing situations while 

walking, it could overwhelm striatal processing leading to FOG, and this was captured in 

chapter 2 of the thesis. Furthermore, as attentional resources are normally focused on 

resolving threatening situations (Eysenck et al., 2007). Increased anxiety could have 
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interfered with the processing of sensory information to facilitate gait, where overwhelming 

information from sensorimotor and limbic pathways may have overwhelmed the dopamine 

depleted striatum leading to FOG (Lewis & Barker, 2009). Finally, the interference model 

also places an emphasis on the reduction of dopamine in the striatum which leads to 

functional deficits and dysfunctional integration process of the basal ganglia (Lewis & 

Barker, 2009). Findings from chapter 4 supports the inference model that highlights the 

impact of dopamine depletion in the striatum, where dopaminergic medication partially 

mediated the frontoparietal-striatal-limbic circuitry involved in freezing of gait and anxiety.  

 

Due to processing impairments in the dorsal striatum, people with PD show an increased 

reliance on cognitive control and external sensory input to support gait, where they switch 

from automated to goal directed behaviour (Redgrave et al., 2010). When complex situations 

such as turning arises, it could exceed the processing capacity of motor and cognitive circuits 

resulting in FOG (Schaafsma et al., 2003). As observed in a previous study (Ehgoetz Martens 

et al., 2014) and chapter 2 of the current study, limbic inputs in high threat situations could 

also overwhelm striatal processing which could trigger FOG. Chapter 3 also showed that 

anxiety interferes with the utilisation of sensory feedback for gait, and previous findings 

revealed that high trait anxiety PD patients were less able use visual feedback to improve gait 

(Ehgoetz Martens et al., 2015) 

 

 It could be possible that PD Freezers with an anxious subtype are less able to utilise certain 

compensatory strategies to improve gait. Mood disturbances such as anxiety could also place 

a perpetual increased load on attentional resources that are lacking in PD patients, and this 

could lead to faster degeneration of gait (Giladi & Hausdorff, 2006). This was supported by 

findings that show PD patients that are highly trait anxious compared to those with low trait 
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anxiety exhibited greater gait variability and worse dual tasking outcomes (Ehgoetz Martens, 

Silveira, et al., 2018). Affective disturbances like anxiety were also found to have impaired 

top-down control over cognition and attentional resources (Eysenck et al., 2007), this could 

negatively affect cognitive control required for gait in PD Freezers. 

 

Chapter 4 demonstrated that dopaminergic medication had differential impacts on the fronto-

parietal-striatal-limbic circuitry with more anxious Freezers responding differently to those 

Freezers with lower levels of anxiety. These findings support a previous study that 

investigated the existence of freezing of gait subtypes consisting of the i) anxious, ii) 

asymmetric-motor and iii) sensory-attention groups (Ehgoetz Martens, Shine, et al., 2018). 

These different subtypes may characterise distinctive pathological mechanisms that could 

potentially overwhelm the neural circuitry (Ehgoetz Martens, Shine, et al., 2018) and it is 

possible that Freezers of the anxious subtype may respond differently to dopamine across the 

limbic circuitry, leading to this proposed heterogeneity. These subtypes were obtained 

through identifying vulnerabilities of Freezers to various triggers; however, it is possible that 

a person may be vulnerable to more than one triggers, hence belong to more than one 

subtype. 

 

Another alternative method of subtyping was conducted based on responsiveness to 

dopaminergic medication which includes ON FOG, unresponsive FOG, OFF FOG, pseudo-

on FOG (Espay et al., 2012). These were then found to be associated with cognitive 

abnormalities for instance, Freezers that were unresponsive had worse executive functioning 

and visuospatial abilities compared to responsive freezer subtype and non-Freezers (Factor et 

al., 2014). It was also found that ON state Freezers (more preserved cognition) showed 

similar amounts of freezing in both turning and normal walking while OFF Freezers (frontal 
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cognitive deficits) exhibited deteriorated gait during turning compared to walking (Espay et 

al., 2012). These suggests that Freezers tend to have specific situations that exacerbates 

freezing, where the heterogeneity of FOG could potentially explain differences between 

freezing populations reported in FOG research (Ehgoetz Martens et al., 2020).  

 

Although the current studies in each chapter supports the comprehensive interference model, 

it could also be possible that there could be divergent cortical and subcortical circuitries that 

underlies FOG (Ehgoetz Martens et al., 2020). Each different subtype of freezing of gait 

could have developed through differential vulnerabilities, or unique circuitries that are 

distinct to each subtype (Ehgoetz Martens et al., 2020). This could lead to FOG manifesting 

through a common mechanism or a different mechanism that inhibits structures controlling 

gait (Ehgoetz Martens et al., 2020). For instance, a PD patient of the anxious subtype may 

manifest FOG when limbic load to the striatum overwhelms gait processing capacity. 

However, a person with the cognitive deficits could have FOG manifest due to division of 

cognitive resources or increased reliance on conscious gait processing (Ehgoetz Martens et 

al., 2020). Hence, it is important to consider these differences in PD patients with freezing of 

gait to further understand the symptom. 

5.3 Limitations of the studies 

A common inherent limitation across the three chapters in this study would be the relatively 

small sample size of participants present in each of the studies. Although all the studies 

recruited an adequate number of patients comparable to previous FOG studies, a higher 

number of participants would have better captured the population and increased the strength 

of the current results. As freezing of gait is less commonly captured when patients are ON 

dopaminergic medication, the studies required patients to be OFF medication for at least 12 

hours and this deterred several potential participants from joining the studies. Additionally, as 
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the target population of this thesis are PD patients with freezing of gait, and two of our 

studies investigated gait which required participants to walk while being OFF-dopaminergic 

medication. Despite having researchers stand close to them and ready to catch them if they 

were to fall, there is still a risk of fall which could also act as a deterrent from participating in 

this type of research. As risk of falls can very often be daunting for participants, and walking 

trials may present too much danger or anxiety, this could discourage them from completing 

experiments or joining the research.  

 

One potential solution to overcoming the barrier in obtaining more participants would be 

sharing of data and working collaboratively across different research clinics investigating PD 

freezing of gait. This would require procedures to be more standardised across the board, for 

instance having consistent functional connectivity parameters when collecting resting state 

functional connectivity data. Working collaboratively between research clinics would enable 

more data to be collected. For instance, when a patient that satisfies the inclusion criteria of 

multiple studies is being recruited, different experiments could be conducted in a single visit 

across multiple clinics. This would aid in several studies being able to obtain larger sample 

sizes and could further diversify the research sample. A central website across Australia 

where researchers could advertise the research sample they wish to obtain could be set up. 

This would enable potential collaborators who work with the same sample and who are also 

trying to increase the number of participants, be able to contact them. 

 

Another solution that could eliminate risk of falls, especially for Parkinson’s disease patients 

with freezing of gait, would be collection of gait data with foot pedals in a virtual reality 

environment. Although it is a relatively new technology, and validation of paradigms other 

than the threat paradigm validated in the chapter 2, or the dual tasking and environmental 
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features paradigm validated by Shine, Matar, Bolitho, et al., (2013) would be required. This 

method could improve patient experience, enable more data to be collected and reduce the 

potential confound fear and anxiety may bring with having increased fall risk. 

 

5.3.1 Limitations in each chapter 

There are also several limitations in each chapter of the current thesis that will be addressed 

in this chapter. In Chapter 2, the average number of freezing of gait in the seated VR 

paradigm was higher than the number in the walking VR paradigm. The threshold that motor 

arrests was determined in several previous studies was periods in time where the temporal 

difference between two alternative footsteps was greater than twice the amount of a Freezer’s 

modal footstep latency (Gilat et al., 2013; Shine, Matar, Bolitho, et al., 2013).  

 

However, upon plotting each individual’s pattern of footsteps, the current study used a more 

conservative measurement to more accurately depict the occurrence of freezing in the study. 

Freezing was defined as the temporal gap being greater than two times the median footstep 

latency of a Freezer. Hence, the most plausible reason behind the disparity could be due to 

the difference in the size of the planks in each experiment. The seated VR paradigm 

developed a slightly altered VR paradigm that was MRI compatible, in which to make up for 

the reduction in postural threats, plank sizes were adjusted to be narrower in comparison to 

the walking VR paradigm. Seven participants also did not show FOG in the walking VR 

paradigm but did so in the seated VR paradigm, this could be due to the difference in size of 

the planks. Future studies could utilise planks of similar sizes to determine the difference in 

number of freezing of gait between the walking and seated VR paradigms.  
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The levels of anxiety reported in experiment 1 were higher than the levels of anxiety reported 

in experiment 2. However, the number of freezing of gait episodes experienced was higher in 

experiment 2 compared to experiment 1. As the current study did not measure physiological 

measures of anxiety, it would not be possible to determine whether a discrepancy in self-

reported anxiety compared to actual anxiety exists. Although content validity is present in the 

self-reported anxiety scale, other forms of validity using this scale have not been fully 

investigated. Hence, the self-reported anxiety scores could be affected by external factors 

such as perception of task difficulty. Participants could have had the perception that the 

seated task would not be as anxiety inducing as the walking VR task. This could have 

affected the verbal reports of their anxiety levels, leading to the observed disparity. Future 

studies could reduce this problem by measuring physiological indicators of anxiety to achieve 

more valid and reliable determinants of anxiety.  

 

It should also be noted that the VR paradigm in the seated version was presented on a large 

monitor, instead of the head-mounted display used in the walking VR paradigm. This was 

executed as the study aimed to integrate the VR seated paradigm with neuroimaging. Hence, 

a monitor which was MRI compatible was used in the seated VR experiment, instead of the 

HMD that would not be suitable for usage in the scanner. Due to the nature of movement in 

the walking VR paradigm, it was not appropriate for the monitor to be used, hence the HMD 

was utilised. Freezers also had a longer mean duration of FOG in the walking VR paradigm 

compared to the seated VR paradigm (Appendix 1). However, when the percentage of time 

spent frozen, which is the percentage of time spent frozen divided by total time spent in trial 

was correlated between both conditions, significant differences were not observed. 
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Chapter 6  

6.1 Future directions  

Virtual reality paradigms were used in chapter 2 and chapter 3 of the current thesis to 

examine freezing of gait. The seated paradigm in Chapter 2 eliminated the risk of falls when 

investigating FOG, and the visual feedback paradigm in chapter 3 highlighted the 

interference effects of anxiety on the utilisation of sensory feedback to improve gait. 

Incorporating features of the seated VR paradigm into future research could improve safety 

and participation rates, while new methods to improve FOG treatment taking into account 

anxiety as a key causal factor could be further developed. Virtual reality physical training 

programs have been found to be effective in improving balance for PD patients and have 

even obtained greater improvements in balance and gait compared to conventional physical 

therapy (Sarasso et al., 2022). When visual and auditory cues were used in the form of a 

virtual reality game over a 6 week intervention period with 18 sessions, significant 

improvements in gait, reduction of falls and reduced severity of freezing of gait was 

observed.  However, the majority of these effects were not retained at 3 months after the 

intervention (Nuic et al., 2018). Future studies could incorporate the seated VR paradigm into 

similar virtual reality studies, as the absence of fall risk due to the use of foot pedals could 

encourage Freezers to use such a program. This could potentially lead to longer lasting 

improvements, especially if they could use the VR resource in an ongoing fashion.  

 

Furthermore, anxiety has been found to affect the usage of visual feedback that offered an 

internal frame of reference with a focused attention on the lower limbs (Wulf et al., 1998). 

Another commonly utilised method of providing visual guidance is visual cues such as lines 

on the ground, which provide an external frame of reference that could be more salient 

compared to visual feedback in terms of body positioning and movement (Beck et al., 2015). 
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In a previous study where visual feedback in the form of lower limbs vision was provided, it 

did not result in improvement of gait in PD patients. However, when visual cues were 

utilised, it managed to improve some gait parameters in PD patients (Beck et al., 2015). 

Hence, future studies should investigate whether visual cues would be less impacted by 

anxiety than visual feedback and this could be conducted using the VR seated paradigm.     

Previous work has also shown that an 11 week, Sensory Attention Focused Exercise (SAFEx) 

program, where participants are trained to focus their attention on sensory feedback from 

their limbs during movement can reduce anxiety (Beck et al., 2020).  Therefore, future 

studies could also examine whether patients are able to utilise visual feedback to improve 

freezing of gait in anxiety inducing situations, after receiving specific sensory feedback 

training. Furthermore, in addition to visual cues, auditory cueing was reported to improve 

freezing of gait (Ginis et al., 2018), future studies could investigate the impact of auditory 

cueing on alleviating freezing of gait.  

 

Studies have also been conducted using VR technology to treat anxiety. In particular VR 

exposure therapy, which focuses on providing patients a safe means of confronting 

threatening stimuli in a controlled virtual environment to modify fear (Maples-Keller et al., 

2017). These VR exposure therapy studies have been effective in reducing anxiety and 

symptoms of phobia (Parsons & Rizzo, 2008), and have also been found to be comparable to 

the effects of in-vivo exposure therapy (Carl et al., 2019).  As chapter 4 of the current study 

found that dopaminergic medication only partially modulates the limbic circuitry in Freezers. 

Future studies could investigate the effect of other types of treatment such as VR exposure-

based therapy on anxious PD Freezers and examine whether training with this program could 

reduce anxiety and improve gait. The VR seated threat paradigm can also be used in 

conjunction with VR psychotherapy for anxiety in Freezers and at the same time objectively 
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measure freezing of gait. Additionally, as the VR seated paradigm is compatible with 

functional magnetic imaging, it could be used to examine the neural correlates behind the 

effect of VR exposure-based therapy on freezing of gait.  

 

Virtual reality can also be used in neurosurgical planning, where in one study in order to 

obtain precise annotations of small anatomical regions such as the STN, VR was used and 

successfully acquired more precise, effective and efficient DBS trajectory planning in PD 

patients (Hellum et al., 2022). Another study has been conducted utilising the virtual reality 

paradigm during STN DBS surgery (Georgiades, Gilat, Shine, et al., 2016). The recordings 

showed higher beta oscillations in the STN during FOG episodes compared to foot tapping 

(Georgiades, Gilat, Shine, et al., 2016). This shows that VR paradigms using foot pedals 

during DBS could be a viable way of studying the pathophysiology behind freezing of gait. 

To further understand neural signals that occur during freezing of gait induced in high threat 

situations, this VR threat paradigm could also be brought into deep brain stimulation surgery 

studies, where brain signals can be recorded from the DBS device while patients navigate the 

virtual environment with foot pedals. 

 

Furthermore, a virtual reality cognitive paradigm has been used with force plate stepping in 

place or while participants were seated whilst electroencephalography (EEG) data was 

acquired in PD Freezers and non-Freezers (Waechter et al., 2015). The virtual reality 

program managed to elicit freezing of gait like symptoms, and the study found that the seated 

condition did not obtain any significant difference in performance between patient groups 

Freezers (Waechter et al., 2015). However, the stepping in place condition showed decreased 

cognitive performance in Freezers compared to non-Freezers (Waechter et al., 2015). The 

EEG data from this study revealed consistent visual responses to stimuli, and the need for 



 176 

response locked instead of stimulus locked EEG data to detect late EEG components.  Apart 

from this, VR paradigms appear to be feasible to be used with EEG to examine freezing of 

gait (Waechter et al., 2015).  

 

Another recent study was also conducted on neuropsychological intervention using a seated 

virtual reality paradigm, while EEG signals were recorded in PD patients (Muñoz et al., 

2022). The study utilised alpha and beta bands and found that PD patients were able to 

maintain attention during the program which suggests the usability of VR cognitive programs 

for PD patients and the ability to do cognitive tasks while EEG recordings are obtained 

(Muñoz et al., 2022). Future studies could utilise the VR seated threat paradigm with foot 

pedals to eliminate potential problems with ERP acquisition during walking or stepping in 

place in EEG studies 

 

The current understanding of freezing of gait and the presence of non-motor symptoms such 

as anxiety suggests that neuromodulatory systems other than dopamine, such as serotonin and 

noradrenaline could be involved in the pathophysiology of freezing.  Notably, serotonergic 

neurons of the raphe nuclei have widespread projections to key regions of the brain that are 

involved in anxiety such as the hippocampus, amygdala and pre-frontal cortex (Albert et al., 

2014). Decreased serotonergic activity has been implicated in anxiety (Freitas-Ferrari et al., 

2010) and the 5-HT1A auto receptor, a key component of the serotonergic system has been 

found to moderate stress and anxiety (Carhart-Harris & Nutt, 2017; Karg et al., 2011). Work 

from PET imaging conducted in PD patients has found that the severity of anxiety was 

associated with decreased serotonergic binding in the right dorsal anterior cingulate cortex 

and the bilateral subgenual anterior cingulate cortex (Maillet et al., 2016). These findings 

suggest that anxiety is related to serotonergic alternations in PD patients (Maillet et al., 
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2016).  In addition, a recent resting state functional connectivity study had found reduced 

functional connectivity between the dorsal raphe nucleus and several cortical regions, such as 

the supplementary motor area, median cingulate cortex and superior frontal gyrus in PD 

Freezers compared to non-Freezers and healthy controls (Lv et al., 2022). This suggests that 

the dorsal raphe, an important node in the serotonergic system, is involved in the 

pathophysiology of freezing of gait (Lv et al., 2022). 

 

In addition to serotonin, the loss of noradrenergic neurons projecting from the locus 

coeruleus to the frontal lobe has also been implicated in the pathogenesis of Parkinson’s 

disease (Tohgi et al., 1993). Furthermore, using a [11C]RTI-32 PET ligand previously 

identified an inverse correlation between the locus coeruleus catecholaminergic transporter 

binding and anxiety severity in patients with PD (Remy et al., 2005). The study presented in 

Appendix 2.1 of this thesis, in which I was a co-author, reported that PD Freezers showed 

increased sympathetic arousal, as detected through pupillary dilation, during elevated plank 

sections (high threat) of the VR paradigm (Taylor et al., 2022).  This implies that a failure in 

noradrenergic pathways may underpin episodes of freezing when patients are in stressful 

situations. However, as a control group was not obtained in the study (Taylor et al., 2022),  it 

is plausible that this findings could also be present in non-Freezers. Future studies should 

recruit a control group of non-Freezers to investigate whether differences in anxiety related 

pupil dilation exists between Freezers and non-Freezers. 

 

Given that serotonin and noradrenaline has been implicated in the pathophysiology of anxiety 

and FOG, future studies could examine the involvement of these neurotransmitters on the 

fronto-striato-limbic circuits in PD Freezers.  Similarly, pharmacological fMRI (pfMRI) 

studies modulating these neurotransmitters could be conducted safely in the VR environment 
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to determine if there are any benefits of these approaches whilst investing the underpinning 

neural correlates. Such as manipulating noradrenaline or serotonin examined with the seated 

VR paradigm in functional imaging studies, where the effect of medication on freezing of 

gait and alterations in brain connectivity upon administration of these medications could be 

studied. 

 

The existence of other freezing of gait subtypes (i.e., sensory-attention or motor) could also 

be examined to find out if they have varying dopaminergic responsiveness on their associated 

networks, to improve the understanding of the effects of dopaminergic medication on FOG.  

Future studies could also examine whether differences in the ability to utilise sensory 

feedback to improve FOG in anxiety inducing situations exist in anxious compared to non-

anxious subtypes. This would bring an enhance understanding of the effect sensory feedback 

could have on varying subtypes of FOG.  Furthermore, investigation into subtypes of FOG 

would enable a more individualised treatment approach to be taken in future, whereby the 

areas in which Freezers show more deficits (i.e., cognition, anxiety, sensorimotor) could 

benefit from treatment targeted to that domain of impairment. Future studies should examine 

whether targeted interventions focused on the specific trigger that an individual is most 

susceptible to manifesting FOG would lead to increased alleviation of FOG.  

 

6.2 Conclusion 

 

Freezing of gait is a debilitating condition that affects the mobility, independence, risk of 

falls and overall quality of life of patients with PD (Walton et al., 2015). Recent findings 

have shown that anxiety is a causal factor of FOG, where high threat situations trigger 

freezing episodes (Ehgoetz Martens et al., 2014). These results support the interference 

model in which information from the competing yet complementary cognitive, motor and 



 179 

limbic pathways could overwhelm the dopamine depleted striatum leading to FOG (Lewis & 

Barker, 2009).  Furthermore, heterogeneity amongst Freezers suggests that anxiety could 

disproportionately impact the effectiveness of medication and utilisation of cueing to improve 

freezing of gait, supporting the notion of FOG subtypes. Hence, further studies are now 

required to identify how targeting anxiety may help alleviate FOG to allow better outcomes 

with greater independence for our patients. 
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Appendix 1 
 

Appendix 1.1 – Supplementary Materials for Chapter 2 
 

Supplementary Table 1. Changes observed in different threat conditions in the 
walking paradigm (Experiment 1). 
 

Values in indicate group Mean (SD). 

 
 
 
 
 
 
 
 

 
Measures 

 
Wide Ground 

 
Narrow 
Ground 

 
Wide Plank 

 
Narrow Plank 

 
Main 
Effect of 
Condition 
(p-value) 
Height 

 
Main 
Effect of 
Condition 
(p-value) 
Width 
 

 
No. of FOG 

 
0.53 (0.81) 
 
 

 
0.52(0.58) 
 

 
0.52( 0.62) 
 

 
1.65(1.62) 

 
0.002 

 
<0.001 

Percentage 
FOG (%) 

8.59(16.21) 
 
 

11.16(15.41) 
 

10.37(14.74) 
 

24.89(28.63) 
 

0.024 0.002 

Step Time 
(S) 

0.61(0.11) 
 
 
 

0.59(0.10) 0.60(0.11) 0.58(0.12) 0.303 0.160 

CV Step 
Time (%) 

8.26 (3.99) 
 
 

8.98(2.83) 13.14(12.88) 14.82(11.48) 0.014 0.572 

Anxiety 
(SAM) 

2.08(1.33) 
 

2.77(1.29) 3.04(1.50) 5.14(2.36) <0.001 <0.001 

       
Total No. 
of FOG 

15.13(0.9) 14.83(0.76) 10.83(0.62) 37.58(1.6) - - 

 
Mean 
Duration of 
FOG 

 
 
7.69(8.02) 

 
 
11.96(14.16) 

 
 
8.99(7.59) 

 
 
18.33(24.25) 

 
 
- 

 
 
- 
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Supplementary Table 2. Changes observed in different threat conditions in the 
seated paradigm (Experiment 2). 
 

 
Measures 

 
Baseline 

 
Wide Plank 

 
Narrow Plank 
 

Main Effect 
of 
Condition 
(p-value) 

     
No. of FOG 7.83 (7.07) 10.21 (8.47) 11.88 (9.93) 

 
<0.001 

Percentage 
FOG (%) 
 

24.72(14.01) 26.13(16.13) 27.65 (16.03) 
 

0.385 

FSL (S) 0.49 (0.4) 0.59(0.55) 0.59 (0.59) 
 

0.069 

CV FSL(%) 83.06(40.51) 94.84(46.32) 97.09 (48.52) 
 

0.093 

Anxiety (SAM) 1.67 (1.15) 2.29(1.52) 2.71(2.00) 0.044 
     
Total No. of 
FOG 

164.49 (7.07) 214.33(8.47) 249.50(9.93) - 

 
Mean Duration 
FOG 

 
1.42(0.79) 

 
1.67(2.06) 

 
1.704(1.50) 

 
- 

Values in indicate group Mean (SD). 

 

 

Supplementary Table 3. Correlations between FOG outcomes in Experiment 1 and 2 
and clinical measures of FOG. 

      FOGQ3 
FOG 
Total 

Exp 1 

nFOG 

Ground+Wide 0.37 0.55 

Ground+Narrow 0.47 0.46 

Elevated+Wide 0.58 0.56 

Elevated Narrow 0.61 0.61 

%FOG 

Ground+Wide 0.48 0.62 

Ground+Narrow 0.36 0.44 

Elevated+Wide 0.49 0.51 

Elevated Narrow 0.65 0.65 

Exp 2 

nFOG 

Ground+Wide 0.26 -0.06 

Elevated+Wide 0.4 0.15 

Elevated+Narrow 0.3 0.6 

%FOG 

Ground+Wide 0.55 0.21 

Elevated+Wide 0.52 0.45 

Elevated+Narrow 0.56 0.4 
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Bolded rs values indicate p<0.05. 

Appendix 1.2– Supplementary Materials for Chapter 4 

 
 

Appendix A – Supplementary Analysis 

 

Table A: Pearson correlation coefficients of correlations between HADS A and regions with 

significant differences in resting state functional connectivity between the OFF and ON 

medication states (OFF-ON) obtained in the comparison analysis, and regions selected 

Apriori (Gilat et al., 2018). 

 

 

HADS A OFF ON OFF-ON 

Left Putamen – Left FPN PPC 0.477* -0.175 0.480* 

Right Hippocampus – Right Caudate 0.088 0.007 0.069 

Left Amygdala – Left FPN LPFC -0.195 0.332 -0.423* 

 

 

Table B: Pearson correlation coefficients of correlations between FOGQ Total and regions 

with significantly differences in resting state functional connectivity between the OFF and 

ON medication states (OFF-ON) obtained in the comparison analysis, and regions selected 

Apriori (Gilat et al., 2018). 
 

FOGQ Total OFF ON OFF-ON 

Left Putamen – Left FPN PPC -0.216 0.165 -0.275 

Right Hippocampus -Right Caudate 0.087 0.105 -0.21 

Left Amygdala – Left FPN LPFC 0.421* 0.245 0.144 

 

Note: FPN LPFC = Frontoparietal Attentional Network Lateral Pre-Frontal Cortex , FPN 

PPC = Frontoparietal Attentional Network Posterior Parietal Cortex, *p<0.05 
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Appendix 2 – Co-author Publications 
 

Appendix 2.1: Heart Rate Changes Prior to Freezing of Gait Episodes Are Related to Anxiety  

 

Appendix 2.2: The Contribution of Noradrenergic Activity to Anxiety-Induced Freezing of 

Gait 

 

Listed below respectively  
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