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ABSTRACT
Though Parkinson’s disease (PD) is considered to be a prototypical basal ganglia
disorder, it has become increasingly clear that this traditional view does not capture the
complexity of the disease pathophysiology. For instance, imaging studies demonstrate
altered cerebellar activity in PD that may compensate for and/or contribute to the symptoms
of the disease. L-dopa-induced dyskinesias (LID) are involuntary writhing movements that
commonly occur as a side effect of L-dopa therapy, and despite the prevalence of LID their
underlying mechanisms are poorly understood. Altered cerebellar activity in PD may
contribute to the pathophysiology of LID, and due to altered ‘forward models’ lead
dyskinetic subjects to more heavily rely on ambiguous visual feedback.
The principal aim of this thesis was to investigate the ability of PD subjects to deweight ambiguous visual feedback during motor performance, while examining this ability
as well as subtle differences in motor performance across dyskinetic and non-dyskinetic PD
subjects. To this end we designed a large-amplitude visually guided tracking task where the
target ‘jittered’ about the desired trajectory, and used root mean square (RMS) error and
linear dynamical system (LDS) models to quantify tracking performance. The three major
findings of this work were: 1) in addition to their known susceptibility to speed, PD subjects
off medication were significantly more susceptible to increasing visual uncertainty than
control subjects, 2) despite similar RMS error during non-ambiguous tracking the damping
ratio parameter of the LDS models was significantly lower for dyskinetic subjects off
medication, and 3) dyskinetic PD subjects were significantly more susceptible to visual
uncertainty than non-dyskinetic and control subjects, and though L-dopa improved their
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overall tracking ability, this came at the price of a greater response to and reliance on
ambiguous visual feedback.
From this work we conclude that PD subjects demonstrate an impaired ability to deweight ambiguous visual input, possibly due to inadequate forward models, and which may
be specific to LID pathophysiology. The presence of motor abnormalities while dyskinetic
subjects are off medication and not actively experiencing LID is suggestive of persistent
neural plasticity. We argue these findings are related to altered cerebellar function in PD.
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CHAPTER 1 INTRODUCTION
1.1

Parkinson’s disease: not just a disease of the basal ganglia

	
  

Parkinson’s disease (PD) is a neurodegenerative disease that affects more than one
million people in North America (Lang & Lozano, 1998a). PD is diagnosed clinically, the
hallmark symptoms of the disease being tremor, rigidity, akinesia and postural instability
(Fahn, 2003). PD is associated with a significant increase in mortality as compared to an agematched healthy population (Bennett et al., 1996; Morens et al., 1996), and consequently
significantly reduces patients’ life expectancy (Morens et al., 1996).
1.1.1

Parkinson’s disease and the classic model of the basal ganglia

The primary pathology of PD is the progressive degeneration of the dopaminergic
neurons of the substantia nigra pars compacta (SNpc), resulting in a significant reduction of
striatal dopamine levels (the major input of the basal ganglia) (Bergman & Deuschl, 2002)
that is believed to result in rigidity and akinesia (Lang & Lozano, 1998a). Physiologically,
the decrease in striatal dopamine in PD affects the basal ganglia circuitry via decreased
activation of the striatal dopamine D1 and D2 receptors (Lang & Lozano, 1998a; Obeso et al.,
2000). This ultimately leads to excessive inhibitory output of the Globus Pallidus Internal
segment (GPi), resulting in excessive inhibition of the thalamo-cortical motor pathway that
characterizes PD (Obeso et al., 2000).
The basal ganglia are characterized by the direct and indirect pathways. In the normal
state the direct pathway serves to inhibit the GPi (and thus facilitate movement), and the
indirect pathway ultimately stimulates the GPi and inhibits movement (Lang & Lozano,
1998b). This dichotomy between the basal ganglia pathways has led to the notion of action
selection and cessation, where the analogy of gas and brake pedals has been applied to the
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direct and indirect pathways, respectively (Graybiel, 2000). Dopamine acts to modulate these
basal ganglia pathways through the excitatory D1 receptor that is associated with the ‘direct’
pathway, and the inhibitory D2 receptor through the ‘indirect’ pathway (Lang & Lozano,
1998b). Due to the opposing effects of dopamine on the D1 and D2 receptors, dopamine
always has a pro-movement modulating effect on the basal ganglia, where it increases
activity of the direct pathway and decreases activity of the indirect pathway (Lang &
Lozano, 1998b). Therefore, the effect of a reduction in dopamine in PD ultimately leads to
decreased movement through overactivity of the indirect pathway and reduced activity of the
direct pathway (Lang & Lozano, 1998b).
As part of the indirect pathway, the subthalamic nucleus normally provides excitatory
input to the GPi. However, markedly increased excitatory activity in the subthalamic nucleus
and the resulting excessive inhibitory activity of the GPi are cardinal pathophysiological
features of PD, and are believed to underlie many of the symptomatic features of the disease
(Obeso et al., 2000). Deep brain surgery (DBS) is a procedure that may be offered to
advanced PD patients, and DBS is most commonly applied to the GPi or the subthalamic
nucleus, and can be very effective at alleviating parkinsonian symptoms (Obeso et al., 1997,
Krack et al., 1998; Lang & Lozano, 1998b). Though this classic model of the basal ganglia
circuitry is continually being adapted as progress is made to better understand its physiology,
the model has been very useful in providing a conceptual framework of the basal ganglia and
in providing targets for DBS surgery in PD (Obeso et al., 2008). Figure 1-1 demonstrates the
classic model of the basal ganglia.
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1.1.2

Pathology beyond the basal ganglia

Pathology in PD is not limited to the SNpc and striatum, as a host of other neuron
populations are as well affected, including the nucleus basalis of Meynert, hypothalamic
neurons, olfactory bulb neurons, and small cortical neurons (Lang & Lozano, 1998a). From a
behavioural perspective, the involvement of dementia in PD is being increasingly recognized
where studies indicate nearly 30% of PD patients are afflicted (Aarsland et al., 1996). A
percentage of depression in PD is explained by cortical Lewy body pathology, though a
significant fraction of the depression in PD is of unknown etiology beyond the PD itself
(Hughes et al., 1993). Further evidence demonstrates pathology in the hippocampus
(Churchyard & Lees, 1997) and the amygdaloid nucleus (Braak et al., 1994; Tandberg et al.,
1996), and cognitive impairments have been demonstrated in PD involving frontostriatal
circuitry leading to executive dysfunction (Zgaljardic et al., 2003). Thus it is clear a number
of brain regions are affected in PD, likely contributing to the heterogeneity of the symptoms
of the disease.
Functional changes in the cerebellum and its connections have also been demonstrated
in PD (Rascol et al., 1997; Lewis et al., 2007; Yu et al., 2007; Ballanger et al., 2008; Palmer
et al., 2009; Ni et al., 2010), and it is hypothesized that the cerebellum may be recruited in
PD to compensate for the affected basal ganglia (Glickstein & Stein, 1991). Concurrent
cerebellar hyperactivity and putamen hypoactivity (an integral basal ganglia nucleus) has
been demonstrated in PD, suggestive of neural compensation presumably by recruitment of
the cerebello-thalamo-cortical (CTC) circuit (Yu et al., 2007). Further imaging studies have
demonstrated cerebellar compensation in PD through increased CTC activity in a PD twin
compared to the non-PD twin during a visually guided task (Lewis et al., 2007), and through
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recruitment of novel areas of the cerebellum in PD subjects during a visually guided tracking
task (Palmer et al., 2009). Anecdotal evidence has long supported the observation of
paradoxical movements in PD, whereby patients can leap to safety from the threat of
impending danger, despite their normally debilitating bradykinesia (Glickstein & Stein,
1991). More recent imaging provides evidence that ‘motor urgency’ in a visually guided
reaching task in PD may be processed in the cerebellum (Ballanger et al., 2008).
Thus it is clear that many neural systems are involved in PD, and though the hallmark
of the disease remains the degeneration of the SNpc dopaminergic neurons with the
subsequent decrease in striatal dopamine, there is a substantial amount of evidence indicating
altered brain regions outside the basal ganglia in PD, including the cerebellum.
1.2

L-dopa-induced dyskinesias in PD

More than fifty years since its inception, L-dopa remains the gold standard of therapy
in PD (Agid et al., 1999). However, despite its extensive use in PD treatment, L-dopa
therapy is not without adverse side effects, one of which is levodopa-induced dyskinesias
(LID). LID are involuntary, irregular, purposeless, movements that may take many different
forms, for example stereotyped movements, chorea (dance like movements), ballism (violent
flinging movements), dystonia (sustained muscular contractions) and myoclonus (brief
muscle twitches) (Jankovic, 2005). Though dyskinesias can occur as L-dopa medication is
wearing off (known as ‘off dyskinesias’ of which dystonia is commonly observed), and when
an L-dopa dose is taken and while it is wearing off (known as ‘diphasic dyskinesias’), the
most common type of dyskinesias are peak-dose LID that usually manifest about 30 minutes
after taking an L-dopa dose and coincide with peak dopamine brain concentrations (Fahn,
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2000). Peak-dose LID commonly consist of stereotypic, choreic or ballistic movements in
the extremities and/or head and neck (Jankovic, 2005).
1.2.1

LID severity and risk factors

LID can range from mild to severe, and accordingly there is significant variability in
the impact they have on patients’ quality of life. In their milder form LID may not be noticed
by PD patients (Vitale et al., 2001), and may even be associated with an increased quality of
life (Marras et al., 2004). At least initially, patients may prefer mild LID as a side effect of
improved motor function to the return of parkinsonian symptoms experienced at lower
prescribed L-dopa doses in attempt to minimize the occurrence of LID (Schrag & Quinn,
2000). However, in their more severe form LID can interfere with daily function and are
associated with a reduced quality of life (Damiano et al., 2000; Pechevis et al., 2001;
Pechevis et al., 2005). Pechevis & colleagues (2005) have found that LID can limit patients’
social lives leading to isolation, frustration, anger and depression, and are associated with
increased health care costs. Thus, despite the frequently mild initial presentation of LID, as
PD progresses LID can become intrusive and problematic for the patient.
Several risk factors for the development of LID have been indentified and include
age of onset of PD, duration of L-dopa treatment, daily L-dopa dose, and disease progression
(Nyholm & Aquilonius, 2004; Jankovic, 2005). Interestingly, young-onset PD is associated
with a higher incidence of LID, as 50% of patients with disease onset between 40-59 years of
age are expected to develop LID within 5 years of starting L-dopa therapy (Kumar et al.,
2005). By contrast, only 16% of those with disease onset at 70 years of age or greater will
develop LID within 5 years of L-dopa treatment (Kumar et al., 2005). The finding that
younger onset PD patients experience LID more than older patients may be reflective of
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greater capacity for brain plasticity in response to L-dopa in the younger population. In
addition to age of onset, a longer duration of levodopa treatment (Schrag & Quinn, 2000)
and an increased L-dopa dose (Fahn, 1999; Fahn, 2002) have been found to increase the risk
for developing LID. The ELLDOPA trial examined drug naïve PD patients who were
assigned to placebo or to 150, 300, or 600 mg/day of L-dopa for 40 weeks, and demonstrated
a significantly greater incidence of LID in those exposed to the highest dose of L-dopa
(Fahn, 1999; Fahn 2002). Lastly, there is a relationship between disease progression and
incidence of LID. Though it is generally believed that a ‘honeymoon’ period exists in the
initial treatment of PD patients, as disease progresses it becomes progressively more difficult
to treat PD symptoms without the development of LID, known as a shrinking of the
therapeutic window – the range of possible L-dopa dose required to maintain PD patients
symptom free and without side effects such as LID (Jankovic, 2005). The relationship
between the therapeutic window and the progression of PD can be seen schematically in
Figure 1-2.
1.2.2

Basal ganglia pathology in LID

Despite the prevalence of LID in PD their pathophysiological mechanisms are not
well understood. Nonetheless, the dysregulation of striatal dopamine homeostasis that occurs
with nigral denervation and subsequent L-dopa therapy represents a prevailing hypothesis
regarding the development of LID (Chase, 1998). The pulsatile release of dopamine in PD
brought about by SNpc degeneration and subsequent L-dopa therapy is in contrast to the
relatively constant physiological release of nigral dopamine in the healthy individual, and is
thought to prime the brain for the development of LID (Olanow & Obeso, 2000; Cenci,
2007). In support of this, evidence suggests that continuous infusion of L-dopa is beneficial
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in the clinical management of PD patients to maintain more constant and physiological levels
of striatal dopamine to reduce the development of LID (Nyholm & Aquilonius, 2004;
Stocchi et al., 2005; Olanow et al., 2006). However, studies demonstrating a beneficial effect
of more continuous delivery of dopaminergic agents on LID utilize a duodenal pump to
achieve the result, requiring the invasiveness and costs of surgery. Furthermore, in a recent
investigation of a pharmacological attempt at continuous dopaminergic therapy via oral
administration, the study failed to demonstrate a decrease in the frequency and severity of
LID (Stocchi et al., 2010). Moreover, kinematic studies of LID using accelerometers to
characterize these movements have demonstrated that despite their random appearance,
repeated and structured movement patterns exist that suggest LID are not the result of
random pulsatile dopamine release (Gour et al., 2007). Therefore, abnormal dopamine firing
within the basal ganglia may only represent part of the pathophysiological picture of LID.
Persistent neural plasticity within the basal ganglia, subsequent to dopamine
dysregulation, has been postulated to underlie the development of LID (Linazasoro, 2005),
and such plasticity has been demonstrated in L-dopa treated parkinsonian animal models
(Calon et al., 2000a; Calon et al., 2000b). Plasticity in the nigral-striatal nerve terminal has
also been demonstrated in PD patients that experience LID. Troiano & colleagues (2009)
have found decreased dopamine transporter expression in dyskinetic PD patients in
comparison to non-dyskinetic PD patients and healthy control subjects. The dopamine
transporter functions in the reuptake of dopamine from the synaptic cleft to maintain stable
synaptic dopamine levels, and reduced expression found in early PD is thought to be a
compensatory mechanism to preserve available dopamine in the face of nigral cell death
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(Lee et al., 2000). As postulated by Troiano & colleagues, such compensatory mechanisms
may be detrimental in the long run by contributing to the development of LID.
1.2.3

LID pathology beyond the basal ganglia

However neural plasticity in relation to LID is not limited to the basal ganglia, and
has as well been found in other brain regions. Using a finger-to-thumb opposition motor task,
Rascol et al. (1998) has found that dyskinetic PD subjects while on L-dopa demonstrate a
significantly greater regional cerebral blood flow in the motor cortex and supplementary
motor area than non-dyskinetic PD subjects. Morgante et al. (2006) have found differences
in the ability of L-dopa to restore motor evoked potentials after transcranial magnetic
stimulation (TMS) to the motor cortex, such that L-dopa did not restore motor cortex
potentiation in dyskinetic subjects but did in non-dyskinetic subjects. The authors concluded
that deficient and non-dopamine responsive motor cortex plasticity may lead to the formation
of undesired motor patterns such as LID in PD. Interestingly, the cortical plasticity that
differentiated dyskinetic from non-dyskinetic PD subjects described above was in response
to L-dopa administration. In other words, it was not until taking L-dopa that these cortical
changes differentiating dyskinetic from non-dyskinetic subjects were observed. However, if
plasticity in the brain leading to LID were more permanent in nature, then such plasticity
would presumably be evident while patients are off medication. Thus, while peak-dose LID
manifest while subjects are on medication, plasticity in the off medication state may result in
more subtle differences between dyskinetic and non-dyskinetic movements.
There is increasing evidence demonstrating functional changes in the cerebellum and
its connections in PD subjects while off L-dopa (Rascol et al., 1997; Yu et al., 2007; Lewis
et al., 2007; Ballanger et al., 2008; Palmer et al., 2009; Ni et al., 2010), and further evidence
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implicating the cerebellum in the pathology of LID (Nimura et al., 2004; Koch et al., 2009).
Koch & colleagues (2009) demonstrated that cerebellar TMS was capable of decreasing the
severity of LID, and the binding potential of cerebellar sigma receptors in PD patients before
undergoing pallidotomies has been positively correlated with LID scores but not with disease
severity (Nimura et al., 2004). Altered cerebellar activity in PD could contribute to the
pathophysiology of LID by directly affecting cortical areas via cerebello-thalamo-cortical
pathways, or by directly affecting the basal ganglia through pathways linking the cerebellum
and basal ganglia. Recent evidence supports a direct interaction between the cerebellum and
the basal ganglia via a disynaptic pathway from the cerebellar dentate nucleus to the striatum
of the basal ganglia in primates (Hoshi et al., 2005), as well as a direct pathway between the
subthalamic nucleus of the basal ganglia and the cerebellar cortex (Bostan et al., 2010).
These pathways provide a direct neuroanatomical basis for functional changes occurring in
the cerebellum to affect the basal ganglia, and vice versa.
At the behavioural level, dyskinetic patients demonstrate similar responses to visual
feedback during visually guided tracking as has been previously demonstrated in patients
with cerebellar disease (Beppu et al., 1984; Beppu et al., 1987; Liu et al., 2001). In both the
dyskinetic PD patients studied by Liu & colleagues and the cerebellar patients studied by
Beppu & colleagues, an increased response to visual feedback was demonstrated.
Interestingly, it was upon removal of either the cursor or target during tracking that
performance of both subject groups became markedly smoother and the variation in tracking
velocity decreased. By contrast, PD subjects of similar disease duration but without LID did
not demonstrate increased responses to visual feedback (Liu et al., 1999).
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Though the basal ganglia are undoubtedly involved in the pathophysiology of LID,
there is evidence to suggest that this may incompletely explain LID and that other brain
regions, notably the cerebellum, may have important roles in their development.
1.3

Visually guided movements and the cerebellum

The integration between sensory and motor systems is an integral part of motor
performance, and as suggested by the significant portion of the cortex devoted to vision,
there is a profound influence of vision on movement. At the cortical level visually guided
movements have largely been attributed to the fiber tracts projecting from the visual striate
cortex to the posterior parietal cortex (PPC). This occipito-parieto pathway is often referred
to as the ‘dorsal’ or ‘where’ pathway, and has been differentiated from the occipto-temporal
pathway, known as the ‘ventral’ or ‘what’ pathway, the distinction predominantly based on
studies of patients with lesions to these pathways (Rossetti et al., 2003). Lesions to the dorsal
occipito-parietal stream leads to the development of optic ataxia, a condition of deficits in
visually guided movements despite intact perception of visual cues (Perenin & Vighetto,
1988). For example optic ataxia patients have difficulty utilizing appropriate grip aperture in
a reaching task and yet can appropriately recognize the object being reached for (Jeannerod,
1986). By contrast, lesions to the occipito-temporal visual stream are associated with
difficulties of perception, rendering these patients visually agnostic (Milner et al., 1991).
Interestingly, lesions in the occipito-parietal fibers don’t interfere with motor commands or
visual sensory input, but rather affect the integration of the two (Rossetti et al., 2003).
1.3.1

Visual afferents to the cerebellum

Major cortical projections are sent from the PPC via the superior longitudinal bundle
to the frontal lobe, taking a circuitous route to the frontal eye fields and then to pre-motor
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cortex (Stein & Glickstein, 1992). It has been noted by Stein & Glickstein (1992) that this is
a lengthy route with many relays that is unlikely to solely govern the quick responses to
vision during movement. Furthermore, damage to the superior longitudinal bundle while
preserving the cortico-pontine fibers (pathways from the occipital and parietal cortices to the
pontine nuclei) does not deteriorate visually guided movements (Myers et al., 1968), and
consequently the contribution of subcortical structures to visually guided movements has
long been recognized. Indeed the cerebellum receives significant afferent input, including
visual, auditory, somatosensory and proprioceptive afferents (Stein & Glickstein, 1992), and
the visual afferents to the cerebellum travel predominantly from the posterior parietal cortex
via the pontine nuclei (Glickstein, 1985, Kamali et al., 2010). The pontine nuclei fibers then
project as mossy fibers to the contralateral cerebellar cortex (Robinson et al., 1984). Mossy
fiber afferents to the cerebellum are known to modulate purkinje cell activity, which in turn
inhibit output from the cerebellar nuclei that project to a wide range of cortical targets
including the motor cortex, supplementary motor area and the pre-motor cortex (Middleton
& Strick, 1998). Thus, from a neuroanatomical perspective, major pathways exist from the
PPC to the cerebellum that allow the cerebellum to gain access to visual afferents, and in
turn project back to the cortex to influence visually guided movements.
1.3.2

Visually guided tracking and the cerebellum

Visually guided tracking tasks incorporate many aspects of cerebellar motor control.
First, matching the position of a limb with the position of a desired target during tracking
requires coordination that is known to degrade with cerebellar lesions (Beppu et al., 1984;
Beppu et al., 1987). Secondly, the inherent delays in the visuomotor system of 100 to 300 ms
(Miall et al., 1985; Saunders & Knill, 2005) highlight the necessary predictive nature of
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visually guided tracking (Miall & Reckess, 2002). Interestingly, delaying the visual feedback
provided to healthy subjects during tracking deteriorates their tracking to performance
similar to that of cerebellar subjects, probably by disrupting the timing between the predicted
and actual sensory outcome during tracking (Miall & Reckess, 2002). Work in recent years
utilizing functional magnetic resonance imaging (fMRI) provides further evidence
supporting the role of cerebellum during visually guided tracking (Miall et al., 2000; Miall et
al., 2001). This work demonstrated that 1) during ocular tracking only there was significant
activation of the cerebellar vermis and 2) during manual tracking only there was significant
activation of the lateral cerebellar hemisphere, and 3) during combined visually guided
tracking where the eyes and hand track the same target, the cerebellar hemisphere and vermis
activity was significantly increased (Miall et al., 2000). Imaging therefore provides strong
evidence supporting integral role of the cerebellum during visually guided tracking requiring
predictive and coordinated control.
1.3.3

Cerebellar lesions and visually guided movements

Lesions to the cerebellum in humans give rise to deficits in visually guided
movements, though they differ from the deficits observed in optic ataxia. The classic
symptoms resulting from lesions to the cerebellum are ataxia, dysmetria and
dysdiadochokinesia, grossly interpreted as uncoordinated movement (Holmes, 1917, 1922).
In reaching towards a target, monkeys with lesions to the cerebellum demonstrate jerky
intermittent segmental movements as opposed to the normal motor response characterized by
continuous movements in a smooth trajectory (Stein & Glickstein, 1992). Humans with
cerebellar lesions demonstrate similar deficits during visually guided movements, where
normally smooth pursuit movements become jerky and intermittent, characterized by errors
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in direction and velocity, and overshoot is often observed (Hallett et al., 1975; Becker et al.,
1990). The fascinating finding that these jerky uncoordinated movements become smooth
upon removing vision of the limb (Beppu et al., 1984; Beppu et al., 1987) demonstrates the
heightened response of cerebellar patients to visual feedback and the continuous correction
of movement that typifies their motor performance (Bastian, 2006). Thus cerebellar patients
seem to be overly reliant on and responsive to visual feedback when it is available.
The feedback driven motor performance of patients with lesions to the cerebellum
during visually guided tasks has led to the hypothesis that the cerebellum is involved in
predictive motor control. For example, in a visually guided tracking task the cerebellum may
coordinate hand movements with the predicted future location of the target (Stein &
Glickstein, 1992). This hypothesis would account for the jerky intermittent tracking
behaviour demonstrated by cerebellar patients unable to provide that prediction, who
therefore make many corrective movements by responding to the movement errors signaled
through visual feedback. Lesion studies support the cerebellum’s involvement in predictive
motor control, demonstrated in catching tasks where cerebellar subjects do not generate
predictive hand forces in advance of catching a ball, but rather react after the ball is caught
(Lang & Bastian, 1999). Thus, as visual afferents to the cerebellum from the PPC may
provide information regarding target direction and velocity, the cerebellum may then predict
the target’s future location in coordination with the motor response.
1.4

Forward models, the cerebellum and motor control

Occupying approximately 10% of total brain volume, and yet comprising more
neurons than the entire rest of the brain, an overarching function of the cerebellum that
accounts for its diverse and profound effect on motor control has long been a subject of great
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interest. In recent years a theoretical framework of cerebellar function, known as the
‘forward model’, has attracted significant research attention and highlights the predictive
nature of the cerebellum.
1.4.1

The forward model and state estimation

The forward model is a type of internal model, and in the context of sensorimotor
control internal models represent the computations required to transform sensory coordinates
into motor coordinates, and vice-versa. There are two types of internal models, known as the
‘forward’ and ‘inverse’ models (Wolpert & Ghahramani, 2000). Inverse models compute the
motor command necessary to reach the desired sensory state, whereas forward models
provide a prediction of the sensory consequences of movement (Wolpert et al., 1995; Miall
& Wolpert, 1996). It is through the forward model that the central nervous system (CNS) is
believed to internally represent our interactions with the outside world by predicting sensory
feedback throughout any given movement.
During motor performance, the CNS requires knowledge of its current state in order to
arrive at any given desired state or goal. In other words, with movement of a limb to a new
position in space, the CNS must determine the updated state of the limb on an ongoing basis
throughout the movement. State estimation is the process of determining the most updated
current state of the CNS (e.g., position and velocity of a particular limb during or after
movement). The current state can be interpreted from sensory feedback systems (such as
vision or proprioception), derived from forward models, or obtained through a weighted
combination of these two inputs (Wolpert et al., 1995). Figure 1-3 illustrates the use of
feedback, the forward model, and a comparison of the two to derive the most accurate
representation of the current state.
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1.4.2

Uses of forward models

Several reasons have been elucidated as to why the CNS would benefit from
computing forward models (Miall & Wolpert, 1996). Perhaps the most obvious reason for
the use of forward models in the CNS is to avoid the time delays associated with sensory
feedback. With variations depending on the sensory modality, inherent delays exist in the
transmission of sensory impulses from the periphery to the CNS. In the visual system
evidence indicates that approximately 200 ms are required before visual sensory feedback
can be used to update motor performance (van Sonderen et al., 1988). Such delays would
lead to sluggish motor performance because the CNS would be continuously delayed in
updating its current state. Therefore a major advantage to the use of forward models in motor
control is the ability to avoid inherent delays of sensory information, as the CNS could have
access to its current state with negligible delay (Miall et al., 1993; Wolpert et al., 1995; Miall
& Wolpert, 1996).
Forward modeling is furthermore of direct benefit to coordination and timing during
motor tasks (Miall & Wolpert, 1996). In a task where subjects performed ocular tracking of a
cursor controlled by joystick movements performed with their hand, there was no delay
found between the eye and hand movements, implicating the use of a predictive forward
model strategy (Vercher & Gauthier, 1988). Expanding on this, when a delay was imposed
between the hand movements and the resulting cursor display, the eyes were found to
precede the cursor and be in time with the hand motion (Vercher & Gauthier, 1992).
Therefore forwards models seem to be integral in producing coordinated hand-eye pursuit
movements.
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1.4.3

Forward models and sensory uncertainty

In addition to avoiding time delays and improving coordination, forward models can
provide the CNS with a method to contend with sensory uncertainty. Though sensory
feedback can be informative and heavily relied upon in motor performance, sensory
feedback can also be ambiguous. For example, sensory uncertainty may be a product of
varying degrees of neural noise inherent to neural transmission, effectively degrading the
signal transmitted to the CNS (Tomko et al., 1974; Shadlen and Newsome, 1998; van Beers
et al., 2002). Furthermore, particular states of the CNS such as fatigue or disease may
contribute to uncertainty in interpreting sensory input. This may be of particular importance
in PD where decreased visual contrast sensitivity has been demonstrated (Bodis-Wollner et
al., 1987; Price et al., 1992). In addition to uncertainty in the neural processing of sensory
input, visual cues that guide motor performance can be ambiguous, for example in conditions
of low or dim light. Furthermore, in conditions of excessive or extraneous visual input, some
cues may be less informative than others. When sensory input becomes ambiguous and
relatively non-informative, forward models are able to reduce the effect of sensory
uncertainty on motor performance by providing an alternate modality on which to base state
estimation and improve motor performance (Wolpert & Ghahramani, 2000; van Beers et al.,
2002; Vaziri et al., 2006).
There is significant evidence to support the use forward models by human subjects
during motor performance (Kuo, 1995; Wolpert et al., 1995; Merfeld et al., 1999; van Beers
et al., 1999; Vaziri et al., 2006; Gritsenko et al., 2009). In the seminal experiments carried
out by Wolpert & colleagues (1995), after viewing the starting position of their hand healthy
human subjects were asked to make reaching movements in the dark, and to subsequently
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estimate the final position of their hand with the use of a visual cursor controlled by their
opposite hand. The subjects’ state estimation data were then modeled by a Kalman filter,
which is an ideal observer used in engineering that integrates sensory feedback with forward
models to reduce the uncertainty of the state estimate (Wolpert & Ghahramani, 2000). The
results provide evidence for the use of forward models, as the bias (the difference between
the actual end position and estimated position) and variance of subjects’ estimate were well
matched by a Kalman filter model. This study provides evidence that the CNS integrates
sensorimotor inputs during motor performance and weights them according to their relative
reliability.
Vaziri & colleagues (2006) provide further compelling evidence that healthy human
subjects integrate sensory feedback with predictive forward models in order to obtain
optimal state estimates when faced with sensory uncertainty. To demonstrate this, Vaziri &
colleagues had subjects reach to a target in three conditions – visual feedback, forward
model, or combined. In the ‘visual feedback’ condition the target was displayed in the
peripheral vision with respect to their gaze fixation point, thus visual feedback relating the
target position and gaze fixation position was provided in retinal coordinates. In the ‘forward
model’ condition subjects were required to make an eye saccade away from the target to a
new fixation point, but because the target was extinguished upon making the saccade, this
condition required a forward model to remap the visual coordinates of the target with respect
to the new fixation position – in other words CNS is required to remap where the target will
land on the retina after the saccade (Batista et al., 1999; Crawford et al., 2004). In a third
‘combined’ condition the subjects made a saccade to a fixation point away from the target
(as in the forward model condition), but this time the target was illuminated in the peripheral
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vision after the saccade for a variable amount of time before being extinguished. Therefore
in the third condition subjects had access to both visual feedback and to their predictive
forward model of the visual feedback. Furthermore, in this combined condition the final
target position was either shifted from or at the same position as the pre-saccade target
position. This allowed the authors to probe the weighting of the forward model and the visual
feedback because the forward model would bias the reaches towards the pre-saccade target
position whereas the visual feedback would bias the reaches towards the post-saccade target
position. The results demonstrated a reduction in the variability of reach errors in the
combined condition as compared to either the visual feedback or forward model conditions,
leading to the conclusion that the brain integrates forward models with visual feedback to
provide an optimal estimate of the target position. Furthermore, as the uncertainty of the
peripheral visual input increased in the combined condition, by decreasing the amount of
time the target was displayed in the periphery after the saccade, subjects reached more to the
pre-saccade target than the shifted post-saccade target. This indicated that subjects weighted
the forward model component of the estimate of the target position more than the visual
feedback, when the visual feedback was uncertain. This study provides an elegant
demonstration of the brain’s use of forward models of the occulo-motor command to predict
the sensory consequences of retinal processing, and demonstrates that in conditions of
increasing visual uncertainty the brain weights these forward models more heavily.
Further studies using a computational approach have expanded on the idea that human
subjects can flexibly alter the weight they attribute to sensory feedback, depending on its
reliability, during motor performance (Baddeley et al., 2003; Kording & Wolpert, 2004; Wei
& Kording, 2010). Kording & Wolpert (2004) demonstrate that human subjects internally
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represent the degree of sensory uncertainty in a reaching task where the laterally displaced
visual feedback of their hand position was blurred. Interestingly, in cases with increasing
visual blurring (uncertainty) subjects were found to weight their estimate of the lateral
displacement more on the mean of the prior distribution, and in cases of decreased blurring
they weighted their estimate of the displacement more on the visual feedback provided from
a given trial. These results demonstrate human subjects may use a Bayesian statistical
approach to mitigate the effect of sensory uncertainty on motor performance. In a study by
Baddeley & colleagues (2003), the idea of relative weighting of sensory feedback was
expanded to show that human subjects maintain near optimal motor performance despite
sensory uncertainty. Subjects made pointing movements where the feedback relating the
target and cursor was distorted according to three levels of displacement, reflecting thee
levels of uncertainty. The subjects’ performance was then compared to the ideal performance
of a Kalman filter, which demonstrated that subjects’ performance was highly efficient and
the efficiency did not vary across the three levels of sensory feedback distortion. In order to
maintain efficient performance across increasing levels of distortion of visual feedback, the
data demonstrated that human subjects adjusted their weighting of the sensory error.
Thus, ample experimental evidence exists indicating that human subjects indeed take
into account the reliability of available sensory input and adjust the weighting of this input
depending on its uncertainty during motor performance.
1.4.4

Forward models of the external environment

In addition to predicting the sensory consequences of our own actions, there is
evidence indicating the human subjects also compute forward models of the external
environment (Merfeld et al., 1999; McIntyre et al., 2001; Zupan et al., 2002; Davidson &
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Wolpert, 2003; Zago et al., 2004; Davidson & Wolpert 2005; Schubotz, 2007; Zago et al.,
2009). Research using interception tasks demonstrate the necessary anticipatory nature of
forward models in such a task due to delays in the visuomotor system (Zago et al., 2004;
Zago et al., 2009). Zago & colleagues (2004) demonstrate that in addition to the brain’s
ability to measure the kinematics of a moving target, it computes a predictive model of target
dynamics to track its movement. In the case of intercepting a moving ball in the external
environment, internal models of gravity (Merfeld et al., 1999; McIntyre et al., 2001) are used
to model object dynamics. Predictive internal models of target movement have been
demonstrated in tracking tasks where the target was occluded from vision for a period of
time, followed a curvilinear path, and then re-emerged (Mrotek & Soechting, 2007). The
subjects’ response was to continue tracking the target along the expected curved path by
using an internal model to guide their ocular tracking. These studies demonstrate that the
sensory consequences of movement of objects in the external environment, in addition to that
of our own movements, are modeled within the CNS and used in tasks requiring predictive
and anticipatory motor control.
1.4.5

The cerebellum as an anatomical substrate of forward models

With increasing evidence that the CNS makes use of forward models during motor
performance, there has been keen interest in determining their anatomical substrate, and a
substantial amount of evidence has accumulated indicating that forward models reside in the
cerebellum (Diener et al., 1993; Gao et al., 1996; Jueptner et al., 1997; Kettner et al., 1997;
Blakemore et al., 1998; Inoue et al., 1998; Tamada et al., 1999; Kitazawa et al., 1998;
Kawato et al., 2003: Imamizu et al., 2003; Bastian, 2006; Ito, 2008; Synofzik et al., 2008).
Though the cerebellum is traditionally thought of as part of the motor system, the sensory
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function of the cerebellum has been more recently emphasized. Jueptner & colleagues (1997)
demonstrated through the comparison of active and passive elbow flexion that approximately
90% of the cerebellar regional cerebral blood-flow was related to sensory rather than motor
function. The sensory function of the cerebellum was also shown by Gao & colleagues
(1996) through fMRI results demonstrating significant cerebellar activity in a purely sensory
condition where subjects had sandpaper passively rubbed against their finger tips. Though
the exclusively sensory portion of the task activated the cerebellum, it was the sensory
discrimination task that demonstrated even greater cerebellar activation, for example when
subjects were asked to discriminate between changes in sandpaper coarseness passively
applied to subjects’ fingers. Perhaps the most interesting result of the study was that a motor
task requiring rapid coordinated finger movements but not requiring sensory discrimination
did not significantly depend on cerebellar activity, but the same task where subjects were
additionally required to discriminate between objects resulted in the greatest amount of
cerebellar activity. The results of these studies support a significant sensory function of the
cerebellum, and importantly highlight the sensorimotor integration nature of cerebellar
activity.
Further investigations into the specific nature of the sensory function of the cerebellum
has led to the idea that the cerebellum is tuned to the sensory error – the discrepancy between
the predicted and actual sensory consequences of movement. This notion is supported by
PET studies (Inoue et al., 1998), and is elegantly demonstrated in a study by Blakemore &
colleagues (1998). By comparing tactile stimulation that was either externally produced by a
robot or self-produced by the subjects’ hand, the authors demonstrated reduced cerebellar
and somatosensory cortex activity using fMRI in the self-produced condition. The authors
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reasoned that in the self-produced tactile condition the cerebellum is able to accurately
predict the sensory consequences of their own movement, and the sensory error between the
forward model and the actual sensory feedback is small, explaining the decreased cerebellar
activity. This work was followed-up by Blakemore & colleagues (2001), in a study where
subjects controlled a robotic arm to produce a tactile stimulus that was applied after various
amounts of delay. Their finding that cerebellar activity positively correlated with the amount
of delay offers further evidence that the cerebellum predicts the sensory consequences of
action, and that the cerebellum is particularly active when there is a mismatch between the
prediction and the actual sensory consequences, which in this case was provided by the
delay. Electrophysiological studies support the idea of cerebellar sensory error signaling, and
the climbing fibers have been proposed as the site of the sensory error signal (Oscarsson,
1980). Electrophysiological studies in the cat demonstrate greater climbing fiber activation in
unexpected conditions in movement where there is a mismatch between the expected and
actual sensory consequences (Gellman et al., 1985; Andersson et al., 1985; Andersson et al.,
1987; Simpson et al., 1996), and further studies support the role of predictive sensorimotor
error signaling in the climbing fiber-Purkinje cell synapse (Kettner et al., 1997; Kitazawa et
al., 1998).
As previously noted, the idea of forward modeling is integral to the process of state
estimation (Miall & Wolpert, 1996). The forward model of the predicted sensory
consequences of movement in essence provides information about the change in state of the
system, and further evidence using TMS has demonstrated that state estimation is processed
in the cerebellum (Miall et al., 2007). In a reaching task towards a visual target healthy
human subjects had TMS applied to the lateral cerebellum, an effect that rendered reaching
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errors to be 138 ms out of date, indicating that the temporary inability of the cerebellum to
produce forward models led motor performance to rely on visual feedback.
Thus, numerous computational studies provide evidence that healthy human subjects
use forward models and actively alter the relative weighting of sensory feedback when faced
with uncertain visual feedback (Wolpert et al., 1995; Wolpert & Ghahramani, 2000; van
Beers et al., 2002; Baddeley et al., 2003; Kording & Wolpert, 2004; Vaziri et al., 2006; Wei
& Kording, 2010), and further compelling evidence demonstrates the cerebellum’s essential
role in sensorimotor integration and forward modeling, as provided by imaging and TMS
studies (Diener et al., 1993; Gao et al., 1996; Jueptner et al., 1997; Blakemore et al., 1998;
Inoue et al., 1998; Blakemore et al., 2001; Kawato et al., 2003; Miall et al., 2007) as well as
by electrophysiological studies (Oscarsson, 1980; Gellman et al., 1985; Andersson et al.,
1985; Andersson et al., 1987; Simpson et al., 1995; Kettner et al., 1997; Kitazawa et al.,
1998).
1.5

Parkinson’s disease and visually guided tracking

Visually guided tracking has been previously used to investigate PD. Inadequate
anticipation and prediction in PD subjects has been demonstrated during visually guided
tracking (Flowers, 1978a). In the tracking task used by Flowers, gaps occurred where the
target being tracked was extinguished and subjects were required to continue tracking the
predicted position of the target. Interestingly, though PD subjects all reported being able to
perceive the track pattern they weren’t able to use the knowledge to accurately predict the
path, leaving them much more reliant on visual feedback. Another study by Flowers (1978b)
demonstrated that the difference in tracking performance between PD subjects and healthy
controls during sinusoidal tracking was greatest when the sinusoid was predictable, and it
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was speculated that the control subjects were able to use this predictable information to
control their movements based on an internal model rather than on visual feedback (Flowers,
1978b). Thus it seems that predictive motor control in PD may be compromised.
As previously highlighted, visually guided tracking tasks have been used to investigate
dyskinetic PD subjects (Liu et al., 2001), where the results suggested that inadequate
predictive control may be a feature of subjects who experience LID, and further research into
predictive deficits contributing to LID is warranted.
1.6

Study aims and hypotheses

In summary to the themes elaborated on in the preceding sections of the introduction,
PD has long been considered a classic ‘basal ganglia’ disease (Stein & Aziz, 1999), though it
is becoming increasingly evident that brain regions beyond the basal ganglia are as well
affected in PD. Moreover, an increasing amount of evidence exists in support of functional
changes occurring in the cerebellum and its connections in PD (Rascol et al., 1997; Yu et al.,
2007; Lewis et al., 2007; Ballanger et al., 2008; Palmer et al., 2009; Koch et al., 2010; Ni et
al., 2010), and further investigation into the effect of altered cerebellar activity in PD is
warranted. The cerebellum is believed to be an anatomical substrate of the forward model
(Blakemore et al., 1998; Inoue et al., 1998; Blakemore et al., 2003; Kawato et al., 2003;
Imamizu et al., 2003; Bastian, 2006; Ito, 2008; Synofzik et al., 2008), providing an effective
method to mitigate the effect of sensory uncertainty on motor performance (Wolpert &
Ghahramani, 2000; van Beers et al., 2002; Vaziri et al., 2006). Extensive research has
demonstrated that healthy human subjects can de-weight ambiguous visual feedback during
motor performance by instead more heavily relying on internal models (Wolpert et al., 1995;
Wolpert & Ghahramani, 2000; van Beers et al., 2002; Baddeley et al., 2003; Angelaki et al.,
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2004; Kording & Wolpert, 2004; Vaziri et al., 2006; Wei & Kording, 2010). In order to
examine the ability of parkinsonian subjects to de-weight ambiguous visual feedback, this
thesis focuses on the visually guided tracking movements of PD subjects, as well that of
dyskinetic and non-dyskinetic PD sub-groups, while using healthy age-matched subjects as a
control group.
Visually guided tracking tasks have been shown to strongly activate the cerebellum
(Miall et al., 2000; Miall et al., 2001), and represent a useful manner in which to indirectly
investigate cerebellar involvement during motor performance in PD. By contrast to visually
guided tracking tasks frequently used that require only small movements about a single joint,
we have chosen to employ a large amplitude visually guided tracking task requiring
movement about the wrist, elbow and shoulder joints, where subjects track a target by
standing in front of a large screen and pointing with their index finger. The movement
required in our tracking task is 1) more representative of complex, larger scale every-day-life
movements, and 2) more suitable for examining the motor performance of dyskinetic PD
subjects, as the excessive involuntary movements associated with dyskinesias may preclude
the use of fMRI in this subject population due to large head motion. Our task compares
baseline conditions, where a circular target smoothly follows a Lissajous path projected on a
large screen, with ambiguous conditions where the target ‘jitters’ about the path at various
amplitudes while still maintaining the path’s overall trajectory.
We have elected to analyze the motor performance of PD and control subjects using
two methods. The first method examines the discrepancy between the position of the target
being tracked along a Lissajous path and the actual position of the subjects’ index finger
during tracking, commonly assessed as the root mean square (RMS) error. RMS error is a
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reliable method for assessing motor performance and indicates how tracking performance is
affected by varying levels of visual ambiguity. For the second method of analysis we
compute linear dynamical system (LDS) models of subjects’ tracking as a sensitive marker
of motor performance. LDS models provide a dynamical mapping of the sensorimotor
transformation required in our task by using the desired tracking trajectory as the input, and
subjects’ actual tracking as the output. LDS models therefore allow us to probe the
dynamical state of subjects’ tracking behaviour (Cheng & Sabes, 2006). LDS models are
being increasingly utilized in sensorimotor studies (Thoroughman & Shadmehr, 2000;
Scheidt et al., 2001; Baddeley et al., 2003; Donchin et al., 2003), and prior work from our lab
has demonstrated LDS models to be sensitive to differences in tracking performance between
parkinsonian and control groups, as well as to the effects of L-dopa on tracking performance,
even when significant differences did not exist in RMS error (Au et al., 2010). However, as
this previous work did not dichotomize patients with respect to levodopa-induced
dyskinesias, we sought to use LDS models as a sensitive assay for detecting differences in
motor performance between dyskinetic and non-dyskinetic PD subjects. Furthermore, LDS
models provide a rigorous method to test the relative reliance on feedback during tracking
while subjects are exposed to increasingly ambiguous visual stimuli.
This thesis has two specific aims. The first aim is to assess the susceptibility of
parkinsonian subjects, and of dyskinetic and non-dyskinetic PD subjects, to increasingly
ambiguous visual stimuli during visually guided tracking. The second aim is to characterize
possible subtle differences in the motor performance of these PD sub-groups, while they are
off medication, during visually guided tracking. Using LDS models we will specifically
examine the damping ratio parameter to quantify the tendency to ‘overshoot’ a desired
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tracking trajectory, and the decay rate parameter to quantify subjects’ responsiveness to and
reliance on ambiguous visual feedback during tracking.
Chapter 2 of this thesis addresses the first aim by examining the tracking performance
of PD subjects using RMS error, without dichotomizing subjects with respect to LID, and
using healthy age-matched subjects as a control group. We hypothesized that the RMS
tracking error of PD subjects OFF medication would be significantly more adversely affected
by increasing visual ambiguity than that of control subjects. We based this hypothesis on
three lines of evidence: 1) the use of the forward model in healthy human subjects to deweight the effect of visual uncertainty on motor performance, 2) the integral role of the
cerebellum in the forward model, and 3) the altered cerebellar activity in PD subjects off
medication that may affect their use of forward models.
Chapter 3 of this thesis uses LDS models to focus on the damping ratio parameter of
dyskinetic and non-dyskinetic subjects’ motor performance during non-ambiguous tracking.
In this chapter we focused on the differences in damping ratios between these PD sub-groups
while they were off medication. This is a novel approach with which to investigate LID as
the movement of dyskinetic and non-dyskinetic subjects is clearly differentiated when
subjects are actively experiencing involuntary movements, but it was not previously known
if their movements differ in the off medication state when LID are absent. Our lab’s prior
work demonstrated that L-dopa significantly reduced the damping ratio of PD subjects’
tracking performance (Au et al., 2010). We hypothesized that dyskinetic subjects might
already demonstrate significantly lower damping ratios than non-dyskinetic subjects in the
off medication state, rendering them more sensitive to the effects of L-dopa medication.
Chapter 4 of this thesis uses RMS tracking error in addition to LDS models to examine
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the effect of uncertain visual feedback on dyskinetic and non-dyskinetic PD subjects, as well
as on healthy control subjects. This chapter aims to rigorously quantify differences in the use
of predictive and feedback motor control between these groups. As we believe that altered
cerebellar activity may contribute to the pathophysiology of LID in PD, we hypothesized that
dyskinetic subjects’ RMS error would be significantly more affected by increasing levels of
ambiguous feedback, and that the decay rate parameter (indicative of responsiveness to
visual feedback and a tendency to attempt to chase the jittering target) would be significantly
greater for dyskinetic subjects, as compared to non-dyskinetic and control subjects.
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Figure 1-1. The classic model of the basal ganglia.
This classic model of the basal ganglia shows the direct and indirect striatopallidal pathways and that SNc and
VTA neurons provide dopaminergic input to the striatum. SNc = substantia nigra pars compacta; VTA =
ventral tegmental area; GPe = globus pallidus external; GPi = globus pallidus internal; SNr = substantia
nigra pars reticulata; STN = subthalamic nucleus (from Yin & Knowlton, 2006).
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Figure 1-2. The therapeutic window.
The dark gray sideways triangle demonstrates the therapeutic window in PD. It can be seen from the sideways
triangle depicting the therapeutic window that as disease progresses it becomes more difficult to keep patients
symptom and side-effect free (from Jankovic et al., 2005).
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Figure 1-3. The forward model.
The forward model predicts the sensory consequences of movement, which is then compared with the actual
sensory feedback, the difference of which is known as the sensory discrepancy (from Miall &Wolpert, 1996).
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CHAPTER 2 RESPONSE TO VISUAL UNCERTAINTY IN PARKINSON’S
DISEASE: A MARKER OF CEREBELLAR DYSFUNCTION?
2.1

Synopsis

Motor performance is profoundly influenced by sensory information, yet sensory
input can be noisy and uncertain. The basal ganglia and the cerebellum are important in
processing sensory uncertainty, as the basal ganglia incorporate the uncertainty of predictive
reward cues to reinforce motor programs, and the cerebellum and its connections mitigate the
effect of ambiguous sensory input on motor performance through the use of forward models.
While Parkinson’s disease (PD) is classically considered a primary disease of the basal
ganglia, alterations in cerebellar activation are also observed, which may have consequences
for the processing of sensory uncertainty. The aim of this chapter is to investigate the effect
of visual uncertainty on motor performance in 15 PD patients and 10 age-matched control
subjects. In addressing this aim, subjects performed a visually guided tracking task, requiring
large amplitude arm movements, by tracking with their index finger a moving target along a
smooth trajectory. To induce visual uncertainty, the target position randomly jittered about
the desired trajectory with increasing amplitudes. We found that tracking error was related to
target ambiguity to a significantly greater degree in PD subjects off medication compared to
control subjects, indicative of susceptibility to visual uncertainty in PD. L-dopa partially
ameliorated this deficit. We interpret our findings as being suggestive of an inability of PD
subjects to create adequate forward models and/or de-weight less informative visual input.
As these computations are normally associated with the cerebellum and connections, we
suggest that alterations in normal cerebellar functioning may be a significant contributor to
altered motor performance in PD.
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2.2

Introduction

While sensory input is an integral part of motor control allowing for guidance and
feedback during movement, sensory input can be uncertain and difficult to interpret. For
example, visual input can become less informative in poor lighting or in conditions of poor
visual contrast. In addition, neural responses to sensory stimuli can be noisy, as demonstrated
by variable neuronal responses to constant sensory input (Tomko & Crapper, 1974; Shadlen
& Newsome, 1998).
The central nervous system (CNS) must therefore adapt to varying degrees of sensory
uncertainty. One proposed model for this adaptation is the “forward model”, used to predict
the sensory consequences of action. Accurate forward models can provide a precise
expectation of sensory input from a motor movement. There is ample evidence that the
cerebellum and its connections perform calculations similar to that of forward models during
motor performance (Miall et al., 1993; Gao et al., 1996; Jueptner et al., 1997; Inoue et al.,
1998). Other studies support the notion that humans account for the uncertainty of available
sensory input by actively altering the relative importance they attribute to uncertain sensory
input and to sensory predictions from forward models (Wolpert et al., 1995; Baddeley et al.,
2003; Kording & Wolpert, 2004; Wei & Kording, 2010).
Another form of uncertainty faced by the CNS is related to reward and reward
expectation. Reward uncertainty represents the reliability with which a particular sensory
stimulus predicts reward, and an ambiguous relationship between stimulus and reward can
make it more difficult to reinforce desired motor actions. This form of uncertainty is likely
processed by the basal ganglia and their cortical connections via reinforcement learning
(Doya, 2000). The dopaminergic reward response in the striatum, combined with an estimate
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of the uncertainty of the predictive reward cues, is a powerful proposed mechanism to
reinforce optimal motor actions leading to reward (Daw et al., 2005).
Functional changes occurring in both the basal ganglia and the cerebellum in
Parkinson’s disease (PD) suggest that PD subjects may have difficulty responding to
ambiguous external stimuli, whether used to guide or reinforce motor performance. The
classic neuropathology of PD, a neurodegenerative disorder characterized by the clinical
symptoms of bradykinesia, resting tremor, rigidity, and postural instability (Calne et al.,
1992), involves the degeneration of the substantia nigra pars compacta with a reduction in
striatal dopamine levels (Bezard et al., 2001). Beyond dopaminergic circuits there is
evidence to suggest that altered cerebellar function may have an important role in the
pathophysiology of PD (Lewis et al., 2007; Yu et al., 2007, Koch et al., 2009). Conversely,
change in cerebellar function may also be compensatory and/or adaptive in nature
(Glickstein & Stein, 1991; Palmer et al., 2009).
The main goal of the present study was to investigate the effect of visual uncertainty
on tracking performance in PD. Using a visually guided tracking task we experimentally
introduced ambiguity to the position of the target to determine if subjects can de-weight the
partially non-informative visual stimuli and rely more heavily on forward models of their
movements.
2.3
2.3.1

Methods
Subjects

We recruited 15 patients with clinically-definite PD (12 male, 3 female, mean age 62.4
± 6.3 years) and 10 age matched control subjects without active neurological disorders (2
male, 8 female, mean age 61.6 ± 7.9 years). All patients had mild to moderately severe PD
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(Hoehn and Yahr stage 1-3) (Hoehn & Yahr, 1967) with mean symptom duration of 8.7 ±
4.9 years. All patients were taking levodopa (mean daily dose 746 ± 229.8 mg). Other PD
medications included dopamine agonists (10 patients). All patients had overnight withdrawal
of medications for at least 12 hours before the study for L-dopa, and 18 hours for dopamine
agonists. The mean Unified Parkinson’s Disease Rating Scale (UPDRS) motor score OFFlevodopa was 37.9 ± 20.5. The converted L-dopa daily dosage was calculated as 100 mg Ldopa = 125 mg of controlled-release L-dopa. This was then added to the equivalents
dopamine agonists to give the L-dopa equivalent daily dosage (LEDD), where 100 mg of Ldopa = 1 mg of pramipexole, 6 mg of ropinirole, 10 mg of bromocriptine, 75 mg of L-dopa
plus entacapone. Subject characteristics are shown in Table 2-1. All subjects gave written
informed consent. The study conforms with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) and was approved by the Ethics Board of the
University of British Columbia.
2.3.2

Study paradigm

Subjects performed a visually guided tracking task by tracking a moving visual target
with their index finger that was displayed on a large screen. Subjects stood with their feet at
shoulder-width apart and approximately 55 cm in front of a rear projection screen measuring
approximately 1.62 m by 1.22 m. Using Matlab (The MathWorks Inc, MA) and the
Psychophysics Toolbox Version 3 (Brainard, 1997), a Lissajous figure was created and
displayed on the screen with a red circular target (approximately 12 cm in diameter) that
started at the center of the screen and figure (Fig. 2-1A). Subjects were asked to track the
target with their index finger as close to the screen as possible but without dragging their
finger along the screen surface. We visually monitored that subjects were not resting their
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index finger on the screen throughout the experiment. The motion required to complete this
tracking task required both elbow and shoulder movement. Subjects were instructed to utilize
the visual feedback relating the position of their index finger and the target to follow the
Lissajous figure as accurately as possible.
We modified two target parameters throughout the course of the experiment: target
speed and target ambiguity. Speed was tested at a SLOW speed (average speed of 56.2
cm/sec) and a FAST speed (average speed of 78.3 cm/sec). In the baseline conditions, the
target exactly followed the smooth trajectory of the Lissajous figure displayed on the screen.
In subsequent conditions, visual ambiguity was artificially added to the target such that it
randomly ‘jittered’ about the Lissajous figure with a predetermined amount of variability. In
such cases subjects were instructed not to chase the jittering target about the figure, but
rather to attempt to neglect the visually uncertain jitter and to track the target as if it were
following the smooth trajectory of the Lissajous figure.
Visual ambiguity was set at {0, 0.03, 0.05, and 0.07} representing the amplitude of
the jitter with respect to the screen height. There was thus a total of 2 speeds x 4 ambiguity
levels = 8 tracking conditions. Careful piloting was done to ensure that PD subjects could
successfully track in all conditions.
The study consisted of 24 tracking trials, with 8 conditions repeated in three trial sets.
Each tracking trial consisted of 30 seconds of tracking, a 12 second rest, followed by 30
seconds of tracking, where the pre and post rest tracking parameters were identical. In
between each trial there was approximately a 30 second rest. Three breaks were scheduled
throughout the study where the subjects sat down for approximately 5 minutes. In the first
trial set, the baseline SLOW condition with no target ambiguity was presented first, followed
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by the baseline FAST condition with no ambiguity. The remaining six conditions were
presented in random order. This sequence was then repeated in trial set 2 and trial set 3.
PD patients underwent two studies, one during ‘OFF’ state (PDOFF) and the other
after the levodopa challenge (PDON). They were tested in the ‘OFF’ state after overnight
withdrawal of L-dopa for at least 12 hours, and after withdrawal of dopamine agonists for at
least 18 hours. Though 12 hours of withdrawal of L-dopa may not be sufficient to completely
deplete L-dopa from the system, this method for testing PD patients in the OFF state was
utilized to minimize the patients’ time spent off medication. At the end of the first study,
they were given immediate release L-dopa at a dose equivalent to their usual morning dose
of L-dopa. They then had a rest for approximately 45 minutes before repeating the second
study, which consisted of the same 24 tracking trials that were completed ‘OFF’ medication.
2.3.3

Quantification of manual tracking

A Polhemus Fastrak (Polhemus, Colchester, VT, USA), a 6-degrees-of-freedom
electromagnetic tracking system, was used to record subject tracking. A stylus sensor was
used to record a time series for displacement (x, y, and z) and orientation (pitch, roll, and
yaw). The stylus was held and secured in the subjects’ dominant hand so that the motion
sensor was located at the tip of the index finger.
2.3.4

Signal analysis

The sensor recorded a position time series throughout the course of each trial. The
sensor data were irregularly sampled at ~40 Hz, which was then interpolated to provide a 10
Hz time series. For each subject, a robust linear regression analysis was performed on the x
and y positions from the index finger sensor during the non-ambiguous tracking conditions to
determine the optimum affine transformation to map the sensor readings to the Lissajous
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figure coordinates. Using the coefficients from baseline non-ambiguous tracking conditions,
the same transformation was then applied to the ambiguous tracking conditions.
2.3.5

Quantification of tracking performance

Tracking performance was assessed in two dimensions. Root mean square (RMS)
tracking error was calculated by subtracting the processed x and y sensor data of the index
finger from the x and y target position along the baseline track, squaring the result for each
time point, taking the mean for the squared values for each trial, and taking the square root of
the result:

(1)
where xi is the difference between the index finger position and baseline track position at
time point i.
Any potential training effect was assessed by comparing the RMS tracking errors
from the three identical trial sets. There was a training effect between trial set 1 and trial set
2 that stabilized between trial set 2 and trial set 3 (Fig. 2-2), and we therefore omitted trial set
1 in all subsequent calculations.
2.3.6

Statistical analyses

RMS tracking error was compared for all groups (PDOFF, PDON, and Control) using
two-way analysis of variance (ANOVA) (Group x Condition). Significance was declared at
p<0.05. All PD patients were pooled and a Pearson’s correlation was used to determine the
existence of a significant relationship between RMS tracking error and age, years since
diagnosis, daily L-dopa dose, and UPDRS score. Furthermore a Pearson’s correlation was
performed to ascertain any possible relationship between age and UPDRS. We also
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performed a robust multivariate regression analysis to determine the relative influence of
ambiguity amplitude and speed on RMS tracking error for each of the groups. The
multivariate regression analysis was in the form of:
(2)
where Y is the RMS tracking error, X is the design matrix which contained a column of ones
to capture the mean, columns representing tracking ambiguity and speed amplitudes, as well
as additional columns dummy coding for individual subjects, β are the parameters to be
estimated, and ε is a vector of residuals. The above equation was solved with Matlab’s
“robustfit” function.
2.4

Results

Subject characteristics are shown in Table 2-1. There was no significant correlation
between PD subjects’ age and UPDRS (Pearson’s coefficient = 0.37, p>0.05). Control
subjects’ RMS tracking error was not significantly correlated with age in any tracking
conditions (magnitude of Pearson’s coefficients < 0.42, p>0.05). PDOFF subjects’ RMS
tracking error was not significantly correlated with age or daily L-dopa dose in any tracking
conditions (magnitude of all Pearson’s coefficients < 0.5, p>0.05). PDOFF subjects’ RMS
tracking error was significantly correlated with UPDRS in conditions {SLOW, 0.05 and 0.07
ambiguity} and {FAST, 0.05 ambiguity} (magnitude of all Pearson’s coefficients <0.60,
p<0.05), and with years since diagnosis in tracking condition {SLOW, no ambiguity}
(Pearson’s coefficient = 0.6, p<0.05). RMS tracking error of PDON subjects was not
significantly correlated with age, UPDRS, daily L-dopa dose or year’s since diagnosis under
any tracking conditions (magnitude of Pearson’s coefficients < 0.5, p>0.05).
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2.4.1

Tracking performance

An example of a typical PD and Control subject’s tracking performance is illustrated
in Figure 2-1B. Qualitatively, the tracking performance in condition {FAST, no ambiguity}
is similar between the Control subject and PDOFF subject. The effect of ambiguity on this
PDOFF subject’s tracking performance is illustrated by the trace from condition {FAST,
0.07 ambiguity}. By contrast, the control subject maintains a relatively good tracking
performance despite the ambiguity.
2.4.2

Training effect

A training effect occurred from trial set 1 to trial set 2 for all groups, demonstrated by
the small but statistically significant within-group decrease in RMS tracking error (Fig. 2-2).
After the initial training effect between trial sets 1 and 2, the training effect stabilized from
trial set 2 to trial set 3 as the RMS tracking errors between these trials were not significantly
different (p>0.3) for any group. The comparison of group RMS tracking error between trial
sets 1 and 2 revealed that PDOFF and Control subjects demonstrated a slightly greater
decrease in RMS tracking error than PDON subjects (p<0.05), and PDOFF subjects
demonstrated a slightly greater decrease in RMS tracking error than Control subjects
(p<0.05).
2.4.3

Effect of ambiguity on RMS tracking error

The effect of visual ambiguity on RMS tracking error, for SLOW and FAST tracking
speeds, is illustrated in Figure 2-3A. ANOVA revealed a Group effect (F = 40.99, df = 2,
p<0.001) and a Condition effect (F = 83.23, df = 7, p<0.001). The Group x Condition
interaction was not significant (F = 1.49, df = 14, p>0.05). Post hoc analyses revealed that all
groups’ RMS tracking performance significantly worsened with the addition of ambiguity, as
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the increase in RMS tracking error from condition {no ambiguity} to conditions {0.03, 0.05
and 0.07 ambiguity}, at SLOW and FAST speeds, was significant for all groups (p<0.05).
When examining group differences, PDOFF subjects’ RMS tracking error was significantly
worse than that of PDON subjects (paired t-test) (p<0.05) and Control subjects (p<0.05) in
all tracking conditions except for condition {SLOW, no ambiguity}, where the differences
were not significant (p>0.05). Though in all tracking conditions PDON subjects’ RMS
tracking error was still larger than the RMS tracking error of Control subjects, the difference
was only significant in condition {FAST, 0.05 ambiguity}.
2.4.4

Effect of medication on RMS tracking error

L-dopa therapy improved tracking performance by partially normalizing the RMS
tracking error of PDOFF subjects to that of Control subjects. The medication effect of Ldopa was significant (p<0.05) in all conditions except for condition {SLOW, no ambiguity},
as found by a paired t-test. Figure 2-3B illustrates an example of the medication effect on
each PD subject in condition {FAST, no ambiguity} and condition {FAST, 0.07 ambiguity}.
2.4.5

Effect of tracking speed on RMS tracking error

All groups tracking performance significantly worsened with the addition of speed.
When comparing SLOW and FAST tracking conditions at the same level of ambiguity, all
groups’ RMS tracking performance significantly worsened (p<0.05) in the FAST conditions.
2.4.6

Regression analysis: effect of target ambiguity and speed on RMS tracking
error

The overall effects of increasing visual ambiguity and increased speed on RMS
tracking error are summarized in Figure 2-3C. The regression analysis indicated that
increasing visual ambiguity contributed significantly more to the RMS tracking error of both
PDOFF and PDON subjects than Control subjects (p<0.05), indicating sensitivity to visual
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ambiguity in PDOFF subjects that does not completely normalize with medication. Figure 23C also illustrates the contribution of tracking speed to RMS tracking error for all groups,
where again both PDOFF and PDON were significantly (p<0.05) more sensitive to the faster
tracking speed than Control subjects, and medication did not completely normalize this
sensitivity. All between group differences in the ambiguity and speed regression coefficients
were highly significant.
2.5

Discussion

We have investigated how visually guided tracking performance is affected by
increasing target ambiguity and speed in 15 PD patients and 10 Control subjects. Various
experimental methods of imposing artificial uncertainty on sensory stimuli have been used in
sensorimotor tasks in the past, such as blurring of external cues or distorting the distance
between cursor and target in pointing tasks (Baddeley et al., 2003; Kording & Wolpert,
2004; Wei & Kording, 2010). Since PD subjects may have varying difficulty with visual
contrast, we did not introduce visual ambiguity using contrast or target blurring. Rather, we
elected to use a visually guided tracking task where the target that guided the behavioural
response of the subjects jittered at varying amplitudes around the desired trajectory. The
addition of jitter to the target imposes an instantaneous uncertainty on the target, making it
difficult to ascertain the target’s exact position at any given time during the tracking trial.
The proposed design therefore probed the ability of subjects to de-weight less meaningfully
visual stimuli.
We found that in addition to the known sensitivity of tracking error to speed in PD,
PD patients are susceptible to progressively ambiguous visual stimuli. Sensitivity to sensory
uncertainty may be of critical importance in PD, where known deficits in visual contrast
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sensitivity (Bodis-Wollner et al., 1987; Price et al., 1992) may significantly compound the
problem. Though the addition of ambiguity in visually guided tracking degraded the tracking
performance of all groups, PDOFF subjects were significantly more susceptible to
ambiguous visual input than Control subjects. There was a trend towards a normalizing
effect of L-dopa on sensitivity to ambiguity, though PDON subjects still demonstrated a
significantly greater susceptibility than Control subjects. As expected, PDOFF subjects were
also more susceptible to increased tracking speed than Control subjects, though L-dopa did
not restore speed susceptibility to normal levels. Jointly investigating the effects of speed and
ambiguity with a regression model suggests roughly equal effects of ambiguity and speed
between normal and PDON subjects, but PDOFF subjects appeared particularly susceptible
to ambiguity (Fig. 2-3C).
A preliminary training effect was demonstrated by all groups, as indicated by a small
but significant decrease in RMS tracking error between trial sets 1 and 2 (Fig. 2-2). This is
not motor learning in the classic sense, as the jitter in the target position was pseudorandom,
and therefore could not be learned. Nevertheless, RMS tracking error stabilized between trial
sets 2 and 3 for all groups, and we therefore subsequently controlled for the preliminary
training effect in the analyses by using data from only trials two and three. Our results are
therefore reflective of sensitivity to sensory uncertainty in PD after sufficient training, rather
than simply of a slower adaptation process to sensory uncertainty in PD. Altered
reinforcement learning due to basal ganglia dysfunction in PD is unlikely to explain our
results, as PDOFF subjects did not demonstrate deficits in training between trial sets 1 and 2
when compared to Control subjects (Fig. 2-2). In fact, before stabilizing between trials 2 and
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3, PDOFF subjects demonstrated a slightly augmented training effect between trials 1 and 2,
suggesting reinforcement learning in the basal ganglia was not significantly affected.
Previous work has shown conflicting results when visual feedback is removed during
the motor performance of PD subjects. Klockgether & Dichgans (1994) examined arm
movements in PD while manipulating the visual feedback of the moving hand, the target, or
both. They found that PD subjects were most impaired when they could not see their hand –
consistent with an inability to accurately use forward models. This contrasts the work by Liu
and colleagues (1999) who demonstrated that tracking performance of PD subjects did not
degrade more than that of control subjects when either the cursor or target was removed
during visually guided tracking. While our work is not directly comparable as we degraded
visual input rather than completely eliminating it, our findings are most consistent with the
finding of Klockgether & Dichgans that during a motor task requiring accurate forward
modeling, Parkinsonian motor performance deteriorates to a greater degree than that of
normal subjects.
The large amplitude movements we utilized, while more realistic to everyday
movements performed by PD subjects, are not conducive to brain imaging studies, where
less realistic small-amplitude movements must be used to minimize head motion artifact.
Nonetheless, during the various conditions of our task, subjects must relate the hand and
visual target positions, requiring the coordination between eye and hand movements known
to strongly activate the cerebellum (Miall et al., 2000; Miall et al., 2001).
Thus, we interpret the susceptibility to sensory uncertainty that we have observed as
indicative of altered cerebellar function in PD. Forward models are used by the CNS not only
to avoid the inherent delays of sensory feedback, but also to provide a mechanism to contend
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with the effect of sensory uncertainty on motor performance (for review see Wolpert &
Ghahramani, 2000; van Beers et al., 2002). Briefly, a predictive forward model of the
sensory feedback of a motor action is computed, and this predicted sensory feedback is
subsequently compared to the actual sensory feedback, the discrepancy of which is assessed
as sensory error. When confronted with large sensory uncertainty, a forward model provides
an alternative input on which the CNS can optimize motor performance. Sensory errors are
likely processed by the cerebellum, demonstrated by heightened cerebellar activity when
there is a mismatch between actual and predicted sensory feedback resulting from an
externally produced stimuli (Blakemore et al., 1998). Furthermore, evidence supports the
role of the cerebellar climbing fiber-Purkinje cell synapse in signaling predictive error in
sensorimotor tasks (Kettner et al., 1997; Kitazawa et al., 1998), and the cerebellum is widely
thought to be a biological substrate of forward models (Diener et al., 1993; Miall et al., 1993;
Gao et al., 1996; Jueptner et al., 1997; Inoue et al., 1998).
Though the cerebellum has an integral role in timing, we note that the susceptibility
to ambiguity was determined independently of speed within a regression framework (Fig. 23C). Moreover, though cerebellar patients have been shown to have deficits on tasks that
require discrete timing events such as finger tapping, they do not demonstrate such deficits in
timing tasks requiring smooth continuous movements (Spencer et al., 2003). We therefore do
not interpret our results as related to deficits in cerebellar timing, but rather as that of
impaired forward modeling.
Adequate cerebellar forward models need to account for changes in properties of the
limb such as inertia (Miall & Wolpert, 1996). In PD, limb rigidity will alter the effective
mechanical impedance of the limb – the response to movement perturbation (Wang et al.,
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2001). Changes in limb impedance and consequently the limb dynamics may provide the
basis for inadequate cerebellar forward models in PD. An inability of the cerebellum in PD
to incorporate the altered effective mechanical impedance into its forward models may lead
to a mismatch between the actual limb dynamics and the forward models based on non-rigid
limbs. Evidence demonstrates that PD subjects excessively rely on sensory feedback (Cooke
et al., 1978), and inadequate forward models incapable of accurately guiding motor
performance may render PD patients reliant on visual feedback and susceptible to visual
ambiguity.
Our results demonstrate that L-dopa partially counteracts susceptibility to visual
ambiguity in PD. While it is possible that subjects could be considered sub-optimally treated
after their dosage of L-dopa (they did not receive dopamine agonists between the ON and
OFF studies even if they were normally treated with them), we believe that this would have a
relatively minor impact. The use of dopamine agonists is usually for minimization of either
developing or inducing L-dopa induced dyskinesias, rather than to enhance motor
performance. Rather, we interpret the partial restoration of susceptibility to visual ambiguity
to be on the basis of plastic changes such as compensatory mechanisms that may not be
completely reversed upon optimal dopaminergic treatment.
While the mechanisms through which L-dopa therapy may partially restore cerebellar
function to partially normalize susceptibility to visual ambiguity is not known, we propose
four possible mechanisms. Firstly, animal studies have demonstrated high densities of the
dopamine D3 receptor in the cerebellum (Sokoloff et al., 1990; Bouthenet et al., 1991),
providing a direct cerebellar site of action for L-dopa. Secondly, L-dopa may indirectly
affect cerebellar function via the basal ganglia, as recent evidence demonstrates the existence
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of disynaptic connections between the cerebellum and basal ganglia (Hoshi et al., 2005;
Bostan et al., 2010). Bostan and colleagues (2010) have shown a direct pathway from the
subthalamic nucleus of the basal ganglia to the cerebellar cortex, providing a
neuroanatomical pathway by which affected basal ganglia activity in PD may alter cerebellar
output such as forward models. L-dopa therapy may therefore correct aberrant basal ganglia
output to the cerebellum, thereby restoring cerebellar function. Thirdly, evidence suggests
the cerebellum may be recruited in a compensatory manner for the basal ganglia in PD
(Lewis et al., 2007; Yu et al., 2007; Palmer et al., 2009). Thus L-dopa normalization of the
basal ganglia may lead to decreased cerebellar compensatory demand, allowing for an
indirect, partial return to normal cerebellar activity. Lastly, it may be that in restoring the
mechanical properties of the limb from the Parkinsonian state to the normal state, L-dopa
partially restores the match between cerebellar forward models and limb dynamics.
The poor ability of PD subjects to de-weight ambiguous stimuli and/or generate
accurate forward models is in contrast to control subjects who maintain this ability. The
current results and other studies suggest that normal subjects can alter the amount of weight
they place on uncertain sensory input during performance of sensorimotor tasks (Wolpert et
al., 1995; Baddeley et al., 2003; Kording & Wolpert, 2004; Wei & Kording, 2010). By
specifically adjusting the weighting of the sensory error in cases of increased sensory
uncertainty, normal human subjects are able to maintain near optimal motor performance in a
reaching task (Baddeley et al., 2003). Control-based Kalman filters (Kalman, 1960), used in
engineering to adjust the weight attributed to feedback and feedforward circuits in order to
obtain an optimal response, have been proposed as a mechanism through which humans
mediate sensory uncertainty (Wolpert et al., 1995; Baddeley et al., 2003).
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The Kalman filter may provide a conceptual model to consider altered cerebellar
function in PD. The inability to de-weight uncertain sensory input and/or rely more on a
predictive forward model in PD may be succinctly interpreted as an impaired Kalman filter.
We have successfully used system identification analysis to assess the nature of Parkinsonian
movement during a tracking task, demonstrating that model parameters are sensitive for
detecting PD-associated abnormalities (Au et al., 2010). Further analysis using system
identification models and Kalman filtering to examine the dynamics of PD tracking in
response to uncertainty may allow for a direct quantification of the ability of PD subjects to
devalue uncertain sensory input.
2.5.1

Conclusion

Our results indicate that tracking accuracy in PD subjects is not only sensitive to
speed, but also susceptible to ambiguous visual stimuli. These results likely indicate a
change in cerebellar function in PD, as the cerebellum plays a key role in processing sensory
uncertainty through the use of forward models. We suggest that a Kalman filter scheme may
prove a useful conceptual framework in which to assess altered cerebellar function in PD.

48

Years Since

Daily L-dopa

Other Parkinson’s

L-dopa Equivalent

Dosage (mg)

Medications

Dose (mg)

67

650

ropinirole, amantadine

750

7

42

880

entacapone, amantadine

1173.3

63

5

8

320

pramipexole

620

4

68

4

19

400

None

400

5

68

13

51

660

entacapone

880

6

64

9

69

860

None

860

7

59

9

14

740

None

740

8

45

4

11

780

None

780

9

65

9

51

640

entacapone, pramipexole

1003.3

10

65

15

57

720

entacapone

960

11

66

5

45

1020

None

1020

12

64

4

22

1280

pramipexole

1580

13

63

10

54

800

pramipexole

1000

14

51

7

37

800

bromocriptine

1000

15

66

7

22

640

ropinirole

673.3

62.4 ± 6.3

8.7 ± 4.9

37.9 ± 20.5

746 ± 229.8

Subject #

Age

1

65

22

2

64

3

PD
(Mean ± S.D.)
Control
(Mean ± S.D.)

Diagnosis

UPDRS

896 ± 271.2

61.6 ± 7.9

Table 2–1. Description of PD subjects’ characteristics.
(from Stevenson et al., 2011)
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Figure 2-1. The visually guided tracking task and performance.
A) The task. The target and Lissajous figure were displayed on the screen. The actual size of the screen was
1.62 m by 1.22 m. The task began with the red target (with scaled red, green, blue values specified as [1 0 0])
in the center of the gray Lissajous figure (specified as [0.973 0.973 0.973]) on a light background (specified as
[0.957 0.957 0.957]). When the subjects were ready each trial began by initiating the task from a computer
situated behind the subject. B) Tracking performance: An example of tracking performance of a Control
subject and a PDOFF subject during tracking conditions {FAST, no ambiguity} and {FAST, 0.07 ambiguity}.
The dashed line represents the desired trajectory and the solid lines represent the trajectory of the subject’s
index finger. Top left: Tracking performance of Control subject 5 during condition {FAST, no ambiguity}, RMS
tracking error = 5.6. Bottom left: Tracking performance of Control subject 5 during condition {FAST, 0.07
ambiguity}, RMS tracking error = 11.0. Top right: Tracking performance of PDOFF subject 5 during condition
{FAST, no ambiguity}, RMS tracking error = 7.7. Bottom right: Tracking performance of PDOFF subject 5
during condition {FAST, 0.07 ambiguity}, RMS tracking error = 20.7 (from Stevenson et al., 2011).
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Figure 2-2. The training effect.
All groups demonstrated a small but significant (p<0.05) decrease in RMS tracking error between trial sets 1
and 2. There were no significant differences (p>0.3) in the RMS tracking error for any group between trials 2
and 3, indicating a stabilization of the training effect. PDOFF and Control subjects demonstrated a small but
significantly (p<0.05) greater decrease in RMS tracking error between trials 1 and 2 than PDON subjects,
where the decrease was slightly but statistically greater (p<0.05) for PDOFF subjects than for Control
subjects. The error bars represent the standard errors (from Stevenson et al., 2011).
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Figure 2-3. Effect of speed and ambiguity on RMS error.
A) The effect of target ambiguity on RMS error. Left panel: SLOW tracking speed. Right panel: FAST
tracking speed. The error bars represent the 95% confidence intervals. PDOFF subjects’ RMS tracking error

52

was significantly higher (p<0.05) than Control subjects’ RMS tracking error in all conditions except for
condition {SLOW, no ambiguity}, where the difference was not significant (p>0.05). PDON subjects’ RMS
tracking error was significantly higher (p<0.05) than Control subjects’ RMS tracking error only in condition
{FAST, 0.05 ambiguity}. A paired t-test indicated a significant difference (p<0.05) between PDOFF and PDON
subjects’ RMS tracking error for all tracking conditions except condition {SLOW, no ambiguity}. B) The effect
of medication on RMS error. Left Panel: Tracking condition {FAST, no ambiguity}. Right panel: Tracking
condition {FAST, 0.07 ambiguity}. Individual subjects’ RMS tracking errors are illustrated.
C) The regression analysis demonstrating the effect of target speed and ambiguity on RMS tracking error.
The group differences in ambiguity and speed regression coefficients are highly significant (p<0.05). PDOFF
subjects, in addition to demonstrating sensitivity to increased target speed, also demonstrate heightened
sensitivity to increasing target ambiguity. This sensitivity partially normalizes with L-dopa therapy. The
vertical and horizontal radii of the ellipses represent the standard error of the regression coefficients (from
Stevenson et al., 2011).

53

CHAPTER 3 DYSKINETIC PARKINSON’S DISEASE PATIENTS
DEMONSTRATE MOTOR ABNORMALITIES OFF MEDICATION
3.1

Synopsis

The pathophysiology of L-dopa-induced dyskinesias (LID) in Parkinson’s disease
(PD) remains poorly understood. The presence of superimposed LID clearly differentiates
motor performance of dyskinetic from non-dyskinetic PD subjects when they are on
medication, but in this chapter we investigate whether their respective motor performance
differs while subjects are off L-dopa medication and LID are not apparent. We assessed the
motor performance of 9 dyskinetic and 10 non-dyskinetic PD subjects off L-dopa, and of 10
age-matched control subjects, during a visually guided tracking task. As previous studies
have suggested that linear dynamical system (LDS) models are useful to assess motor
performance in PD, in addition to overall tracking error, we used LDS models to assess the
damping ratio parameter of motor behaviour while controlling for disease severity. The
results of this chapter show that while overall tracking error was similar across groups,
dyskinetic PD subjects demonstrated a significantly decreased mean damping ratio compared
to control and non-dyskinetic PD subjects. For both groups, greater disease severity
significantly predicted a lower damping ratio, but even after controlling for disease severity,
the damping ratio for dyskinetic subjects was significantly lower. We demonstrate somewhat
counter-intuitively, that motor performance of dyskinetic and non-dyskinetic PD subjects
differ, even off L-dopa when no dyskinesias are seen. A decreased damping ratio is
indicative of a tendency to overshoot a target during motor performance, similar to the
dysmetria found in cerebellar patients. We discuss the possibility of motor abnormalities in
dyskinetic PD patients off medication in relation to altered functional cerebellar changes
described in PD.
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3.2

Introduction

Despite the common occurrence of peak-dose LID in PD (Fahn, 2000), their
pathophysiological mechanisms remain unclear. There are, however, clinical observations
that indirectly suggest LID may be associated with plastic changes in the brain. LID are more
common in younger individuals (Golbe, 1991; Kumar et al., 2005), whose brains are
presumably more likely to form adaptive (and maladaptive) connections. Furthermore,
animal models of PD suggest that unnatural pulsatile stimulation of dopaminergic receptors,
as may occur with intermittent dosing of L-dopa, may induce plastic changes and may be a
contributing factor in the development of LID (Calon et al., 2000a; Calon et al., 2000b;
Aubert et al., 2005), although recent clinical trials have yet to support this (Stocchi et al.,
2010). While LID occur when patients are on medication, if persistent plastic changes
contribute to their pathophysiology, it may be possible to detect subtle changes in motor
performance between dyskinetic and non-dyskinetic subjects off medication, despite their
virtually identical presentation in the “off” state.
Previous work has suggested that during manual tracking tasks, PD subjects on and
off medication may have similar overall tracking performance, but differ in the nature of
their tracking (Au et al., 2010; Oishi et al., 2010). This has prompted the use of system
identification techniques, which can be used to more accurately characterize tracking
performance. In this case, human motor performance is considered a “black box”, where the
desired trajectory is considered as the input, and actual motor performance is considered as
the output. Even with this simple macroscopic approach, robust differences between PD and
control subjects, and the effects of L-dopa medication, can be determined and represent an
advance over standard, even more basic measures of tracking behaviour, such as the error
between desired and actual performance (Au et al., 2010; Oishi et al., 2010).
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The simplest and most common way to model the relationship between desired and
actual tracking performance involves estimating the “damping ratio” and “natural
frequency”. The damping ratio provides an indication of the amount overshoot in the
response, with lower values indicating more overshoot, and the natural frequency roughly
indicates how quickly the actual tracking oscillates around the desired trajectory.
Using this method, Au et al., (2010) demonstrated that overall tracking performance
(as assessed by tracking error) was not significantly different between PD subjects before
and after L-dopa medication, but the damping ratio parameter was a sensitive marker of the
motor effects of L-dopa medication. More specifically, L-dopa rendered PD subjects more
underdamped during tracking performance, intuitively meaning that subjects were more
likely to overshoot and oscillate around a desired target or trajectory. This previous work did
not dichotomize dyskinetic and non-dyskinetic PD subjects, and therefore we wished to
investigate whether dyskinetic PD subjects exhibit underdamped motor performance in a
similar fashion to non-dyskinetic subjects. We hypothesized that dyskinetic subjects off
medication would demonstrate subtle differences in motor performance, owing to persistent
plasticity thought to contribute to LID (Troiano et al. 2009), that could be characterized by
reduced damping ratio during a visually guided tracking task.
3.3
3.3.1

Methods
Subjects

In addition to the 15 PD subjects and 10 age matched control subjects recruited for
chapter 2, we recruited 4 more PD subjects for the completion of the work in this chapter.
We note that the subjects who participated in chapter 2 did not repeat the tracking task for
chapter 3, but rather we utilized their original raw tracking data set for this chapter. In total,
19 patients with clinically-definite PD (Hoehn and Yahr stage 1-3) (Hoehn & Yahr, 1967), 9
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dyskinetic PD (DPD) subjects (7 male, 2 female, mean age 63.7 ± 7 years) and 10 nondyskinetic PD (NDPD) subjects (6 male, 4 female, mean age 61.4 ± 6.4 years), and 10 age
matched control subjects without active neurological disorders (2 male, 8 female, mean age
61.6 ± 7.9 years), completed this study. Patients were recruited from the Pacific Parkinson’s
Research Centre, a tertiary care centre specializing in movement disorders. Dyskinetic
subjects were selected by the presence of LID noted by the treating neurologists (MJM) upon
their regular scheduled visit to the centre, and in all subjects this was verified by the presence
of predominantly choreiform dyskineisas upon administration of L-dopa during the testing
phases (see below). All dyskinetic PD subjects were interpreted to have peak-dose, but not
biphasic L-dopa-induced dyskinesias.
The Ethics Board of the University of British Columbia approved the study, which
has been performed in accordance with the ethical standards of the 1964 Declaration of
Helsinki. All subjects gave written, informed consent. The converted L-dopa daily dosage
was calculated as 100 mg L-dopa = 125 mg of controlled-release L-dopa. This was then
added to the equivalents dopamine agonists to give the L-dopa equivalent daily dosage
(LEDD), where 100 mg of L-dopa = 1 mg of pramipexole, 6 mg of ropinirole, 10 mg of
bromocriptine, 75 mg of L-dopa plus entacapone. All patients had overnight withdrawal of
medications for at least 12 hours before the study for L-dopa, and 18 hours for dopamine
agonists. Disease severity was assessed according to the Unified Parkinson’s Disease Rating
Scale (UPDRS) motor score. After completing the visually guided tracking task PD subjects
took their equivalent morning dose of L-dopa in the immediate release form. Subjects were
then monitored for up to 90 minutes for the presence of peak-dose LID. Subject
characteristics are shown in Table 3-1.
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3.3.2

Study paradigm

Subjects performed visually guided tracking in trials consisting of 30 seconds of
tracking, a 12 second rest, followed by 30 seconds of tracking, in an identical manner and
using the same task as described in the previous chapter. As this chapter of the thesis
examines only the SLOW speed non-ambiguous tracking condition of our task, we
subsequently analyzed 3 tracking trials for each subject, except for subject DPD 9 who
complained of fatigue and completed only two tracking trials, and recorded subject’s arm
position using the Polhemus Fastrak (Polhemus, Colchester, VT, USA), as previously
described.
3.3.3

Quantification of tracking performance

As in chapter 2, root mean square (RMS) tracking error was calculated by subtracting
the processed x and y sensor data of the index finger from the x and y target position along
the baseline track, squaring the result for each time point, taking the mean for the squared
values for each trial, and taking the square root of the result. As there was again a training
effect specific to the non-ambiguous slow tracking condition between trial set 1 and trial set
2, that subsequently stabilized (as determined by significant changes in RMS tracking
errors), we omitted trial set 1 in all subsequent calculations.
Linear dynamical system (LDS) models of subjects’ tracking performance were
computed using system identification techniques (Ljung, 1999) with the desired tracking
trajectory as the input, and the subjects’ index finger position as the output. From these
models the damping ratio and natural frequency parameters were extracted for each subject.
Models were chosen by calculating a loss function (e.g., Akaike information criterion, or
Akaike final prediction error) that indicate how well a model fits the data it was constructed

58

from, while penalizing the use of an excessive number of model parameters (to prevent
overfitting). Lower loss function values indicate a relatively better fit to the experimental
data and hence higher model quality, as there is less ‘loss’ of information from the
experimental data.
3.3.4

Statistical analyses

RMS tracking error was compared for all groups (DPD, NDPD and Control) using
analysis of variance (ANOVA). ANOVA was performed on the group damping ratios and
natural frequencies to determine the statistical significance between group differences.
Significance was declared at p<0.05 after correcting for multiple comparisons.
In order to ascertain that the derived damping ratios were reflective of the dyskinetic
state in PD, and not attributable to differences in LEDD, disease severity (UPDRS), or
disease duration between groups, we performed a multivariate regression analysis on the
contribution of these factors to the damping ratio values of the DPD and NDPD groups.
3.4

Results

There were no significant differences in mean age (p = 0.75), years since diagnosis (p
= 0.16), UPDRS (p = 0.14) or LEDD (p = 0.062) between all groups, though converted daily
L-dopa dosage was significantly higher in the DPD group than in the NDPD group (p =
0.047) (Table 3-1).
ANOVA revealed that the RMS tracking error did not significantly differ between
groups (Control, DPD, NDPD, F = 2.5, p = 0.1), indicating that despite the parkinsonian
symptoms of both DPD and NDPD groups, PD subjects were able to perform the tracking
task with the same level of overall accuracy as control subjects.
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The mean and standard deviation of the estimated linear dynamical system models’
Akaike's Final Prediction Error (FPE) was 0.24 ± 0.11 for DPD subjects, 0.28 ± 0.33 for
NDPD subjects and 0.20 ± 0.08 for Control subjects. The absolute value for the mean and
standard deviation of the Akaike's Information Criterion (AIC) of the models was 1.48 ± 0.4
for DPD subjects, 1.57 ± 0.72 for NDPD subjects and 1.69 ± 0.4 for Control subjects. The
low FPE and AIC values are indicative of high model quality/fit.
ANOVA revealed a significant group difference in the mean damping ratio (Control,
DPD, NDPD, F = 11.4, p = 3x10-4) (Fig. 3-1A). Post hoc analysis revealed that the DPD
subjects’ mean damping ratio was significantly lower than that of NDPD subjects (p =
4.1x10-5) and Control subjects (p = 5.4x10-3). NDPD subjects’ mean damping ratio was
higher than that of Control subjects, though not reaching significance (p = 0.14). Figure 3-2
demonstrates the relationship between the underdamped motor responses of DPD subjects
and the tendency to overshoot the desired trajectory. ANOVA revealed that differences in
mean natural frequency did not reach statistical significance between groups (Control, DPD,
NDPD, F = 2.32, p = 0.12).
Though the differences in disease severity, duration and LEDD were not significantly
different between the DPD and NDPD groups, we nonetheless performed a regression
analysis to further control for the contribution of these factors to the differences in mean
damping ratios between groups. Regression analysis of these factors independent of one
another indicated that neither disease duration (p = 0.91) nor LEDD (p = 0.50) significantly
predicted damping ratio, whereas the presence of dyskinesias (p = 9.9x10-5) and UPDRS (p =
1.7x10-3) were significant predictors of damping ratio. Analyzing the effect of UPDRS on
damping ratio separately for dyskinetic and non-dyskinetic groups demonstrated a significant
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regression model in both cases, p = 8.4x10-3 for dyskinetic and p = 0.024 for non-dyskinetic
groups (Fig. 3-3). Upper and lower panels of Figure 3-3 demonstrate that a higher UPDRS
significantly predicts a lower damping ratio for both PD groups, and that a given UPDRS
predicts a lower damping ratio for dyskinetic than for non-dyskinetic subjects. The lower
panel in Figure 3-3 is for graphical purposes only to illustrate the effect of UPDRS on
damping ratio when the mean UPDRS of the dyskinetic group has been ‘corrected’ to equal
the mean UPDRS of the non-dyskinetic group, and it can be seen that the difference of
damping ratio between dyskinetic and non-dyskinetic groups is a robust effect.
3.5

Discussion

Clinically, dyskinetic PD patients are easily differentiated from non-dyskinetic
patients when they are on L-dopa medication. Kinematic studies utilizing accelerometers
placed on the limbs of parkinsonian subjects have characterized the nature of LID, enabling
dyskinetic movements to be distinguished from volitional movements through careful signal
analysis (Hoff et al., 2001; Keijsers et al., 2003; Liu et al., 2005; Gour et al., 2007; Fenney et
al., 2008; Chelaru et al., 2010; Mann et al., 2010). In contrast, off medication, both
dyskinetic and non-dyskinetic PD patients demonstrate typical parkinsonian symptoms so
that their movements appear grossly similar, if not identical. This is consistent with our
results that off medication, tracking error of DPD and NDPD subjects did not differ
significantly.
Yet despite the similarity in overall accuracy of DPD and NDPD subjects’ motor
performance off L-dopa, DPD subjects demonstrated significantly decreased damping ratios
during tracking. Previous work has suggested that PD subjects off medication tend to be
more damped than controls (Au et al., 2010), consistent with our finding that NDPD subjects
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had a greater mean damping ratio than control subjects, though this did not reach statistical
significance. In the current study, the decreased damping ratio of DPD subjects compared to
control and to non-dyskinetic subjects even while off medication suggests motor
abnormalities exist in the off-medication state in these individuals. Our results indicate very
little overlap between the individual damping ratios of dyskinetic and non-dyskinetic
subjects, aside from the slightly lower damping ratios of two non-dyskinetic subjects (Fig. 31B). As LID typically occur with disease progression, it may be the case that these two
subjects who are non-dyskinetic at present may develop LID in the near future.
Damping ratio is intuitively interpreted as the tendency to oscillate about a desired
trajectory, where decreased damping ratios indicate more overshoot and oscillation. This is
illustrated in Figure 3-2, in which modeled motor performance indicates dyskinetic subjects
demonstrate greater overshoot to a step response than non-dyskinetic and control subjects.
Conversely, a higher damping ratio leads to undershoot of a desired trajectory (Dancause et
al., 2002), a characteristic of motor performance commonly observed in PD subjects off
medication (Van Gemmert et al., 2003; Broderick et al., 2009).
We propose two possible explanations for our results. Firstly, the abnormalities of
dyskinetic tracking performance demonstrated in our study may relate to altered cerebellar
activity. Cerebellar patients demonstrate underdamped motor performance (Morrice et al.,
1990; Aisen et al., 1993; Manto et al., 2009), and overshoot is a commonly seen in cerebellar
patients as dysmetria (Hore et al., 1991; Manto et al., 1995; Brown et al., 1999). Thus, we
speculate abnormal cerebellar activity may lead to decreased damping (and overshoot) of the
dyskinetic PD subjects tracking performance found here. Consistent with this hypothesis,
there is growing indirect evidence implicating the cerebellum in the pathology of LID.

62

Repetitive transcranial magnetic stimulation to the cerebellum has been found to
significantly reduce the severity of LID (Koch et al., 2009), and the binding potential of
cerebellar sigma receptors in PD patients before undergoing pallidotomies has been
positively correlated with LID scores but not with disease severity (Nimura et al., 2004).
Moreover, cerebellar hyperactivity has been demonstrated in PD (Yu et al., 2007), which
may be recruited to compensate for the affected basal ganglia (Lewis et al., 2007; Ballanger
et al., 2008; Palmer et al., 2009), and further evidence demonstrates abnormal cerebellocoritcal connections in PD (Ni et al., 2010). Forward models used to predict the sensory
consequences of movement, at least partially computed in the cerebellum (Miall et al., 1993;
Jueptner et al., 1997), may be compromised in PD (chapter 2), further implicating altered
cerebellar activity in PD. We hypothesize that maladaptive cerebellar plasticity in dyskinetic
PD subjects while off medication may further predispose these subjects to an exaggerated
motor effect of L-dopa. Disynaptic pathways between the cerebellum and basal ganglia have
been identified (Hoshi et al., 2005; Bostan et al., 2010) providing a direct route for altered
cerebellar plasticity to interact with the basal ganglia upon L-dopa administration.
Alternatively, decreased damping in dyskinetic subjects may be related to functional
changes in the basal ganglia. Co-contraction of agonist and antagonist muscles, as has been
demonstrated in PD (Ohye et al., 1965) can alter the damping ratio (Kaji et al., 2005), and
this may have differed between the DPD and NDPD groups. Though we did not measure
electro-myographic activity, the rigidity sub-scores from the UPDRS, which would likely be
altered with differing levels of co-contraction, did not significantly differ between PD groups
(p = 0.16).
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A potential limitation of this study is the trend towards higher UPDRS, disease
duration and LEDD in the DPD group, though none of these differences were statistically
different. We further do not suspect that these differences significantly impacted the
damping ratio results as regression analysis indicated that neither the LEDDs nor the disease
duration significantly contributed to the groups’ damping ratios. Regression analysis
determined that higher UPDRS scores significantly predicted lower damping ratios for both
dyskinetic and non-dyskinetic groups (Fig. 3-3), and it can be seen that a given UPDRS
score predicts lower damping ratios for dyskinetic than non-dyskinetic subjects. Thus, the
relationship between UPDRS and damping ratio differs in magnitude between dyskinetic and
non-dyskinetic groups. Additionally, non-motor complications of PD were not quantified in
this study, though off periods may be associated with significant non-motor complications
(Chaudhuri & Schapira, 2009). Dyskinesias can be related to pain experienced by PD
patients (Quinn et al., 1986), and such non-motor symptoms could potentially impact
differences in motor performance between dyskinetic and non-dyskinetic groups. Patients
were carefully monitored throughout testing to ensure the comfort (necessitating one subject
to perform only 2 out of 3 trials because of fatigue). None of our patients complained of
painful dystonia off of medication, and none indicated any discomfort that would warrant
termination in the study. Though we studied PD subjects in the practically defined off
medication state, with withdrawal of dopamine agonists and L-dopa for 18 hours and 12
hours respectively, we cannot exclude the possibility there were not still residual dopamine
mediated effects in the off state. Nevertheless, clinically all PD subjects were in their “off”
state. Withdrawal of medications for longer periods could probably not be justified on ethical
grounds.
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In conclusion, using linear dynamical system models as a sensitive assay of motor
performance, we observed motor differences between dyskinetic and non-dyskinetic PD
patients while both groups were off L-dopa medication, suggesting a fundamental functional
restructuring of the motor system in dyskinetic subjects even when dyskinesias are not
occurring. Dyskinetic subjects were found to have significantly lower damping ratios,
leading to a tendency to overshoot the desired trajectory. As underdamped motor responses
and overshooting a desired target are common cerebellar features, we suggest maladaptive
cerebellar plasticity may be involved in the development of LID in PD. However, in order to
fully test this hypothesis, simultaneous recording of tracking tasks with brain imaging
methods (e.g. fMRI) will need to be performed.
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Subject
DPD
D1
D2
D3
D4
D5
D6
D7
D8
D9
DPD
(Mean ± S.D.)
NDPD
ND1
ND2
ND3
ND4
ND5
ND6
ND7
ND8
ND9
ND10
NDPD
(Mean ± S.D.)
Control
(Mean ± S.D.)
p value

Age

Years Since
Diagnosis

UPDRS

Converted
Daily L-dopa
Dosage (mg)

65
64
68
65
66
64
51
55
75
63.7 ±
7

22
7
13
15
5
4
7
13
8
10.4 ±
5.8

65
42
51
57
45
22
37
40
47
45.1 ±
12.3

63
68
64
59
45
65
63
66
62
59

5
4
9
9
4
9
10
7
5
12

61.4 ± 6.4

Other Parkinson’s
Medications

L-dopa Equivalent
Dose (mg)

650
880
660
720
1020
1280
800
640
600
805.6 ±
223.3

ropinirole, amantadine
entacapone, amantadine
Entacapone
entacapone
None
pramipexole
bromocriptine
pramipexole, amantadine
none

750
1173.3
880
960
1020
1580
1000
665
600
958.7 ±
296.3

8
19
69
14
11
51
54
22
31
47

320
400
860
740
780
640
800
640
400
400

pramipexole
None
None
None
None
entacapone, pramipexole
pramipexole
ropinirole
None
pramipexole

620
400
860
740
780
1003.3
1000
673.3
400
775

7.4 ± 2.8

32.6 ±
21.2

598 ±
200.3

725.2 ± 211.3

0.16

0.14

0.047

0.062

61.6 ± 7.9
0.75

Table 3–1. Description of dyskinetic and non-dyskinetic subjects’ characteristics.
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Figure 3-1. Damping ratio by group.
A) Error bars represent the standard error and an asterisk indicates statistical significance (p < 0.05). DPD
subjects had a significantly lower mean damping ratio than NDPD subjects (p = 4.1x10-5) and than Control
subjects (p = 5.4x10-3). Though NDPD subjects demonstrated a greater mean damping ratio than Control
subjects, this did not reach significance (p = 0.14). B) Individual damping ratios are shown for dyskinetic and
non-dyskinetic subjects.
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Figure 3-2. LDS model simulation results: dyskinetic tracking overshoot.
A key feature of dynamical system models is that they can predict the response to tracking any arbitrary
trajectory, such as abrupt changes in tracked trajectory, as they are most likely to bring out undershoot and
overshoot responses. If subjects were asked to track a target that had an abrupt change in position (solid black
line), then the predicted finger position of different subject groups are shown. The error bars are derived from
the variances of the parameters computed from the subject-specific models.
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Figure 3-3. Damping ratio and UPDRS.
Top panel: The effect of UPDRS on damping ratio on dyskinetic and non-dyskinetic subjects, where higher
UPDRS significantly predicts lower damping ratio for dyskinetic (p = 8.4x10-3) and for non-dyskinetic (p =
0.024) subjects. Bottom panel: A graphical illustration of the relationship between UPDRS and damping ratio
when the mean UPDRS for dyskinetic subjects has been corrected to be equal to the mean UPDRS of nondyskinetic subjects.
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CHAPTER 4 IMPROVEMENT AT A PRICE: L-DOPA INDUCES EXCESSIVE
RELIANCE ON AMBIGUOUS VISUAL INPUT IN PARKINSON’S SUBJECTS
WITH DYSKINESIA
4.1

Synopsis

When faced with visual uncertainty during motor performance, humans rely more
heavily on predictive forward models and proprioception and attribute lesser importance to
ambiguous visual feedback. Conversely, deficits in predictive forward models lead to
increased reliance on sensory feedback. Though disrupted predictive control is typical of
patients with cerebellar disease, the involuntary nature of L-dopa-induced dyskinesias in
Parkinson’s disease (PD) suggests that dyskinetic subjects’ may also demonstrate impaired
predictive motor control. In chapter 4 we investigate the motor performance of 9 dyskinetic
and 10 non-dyskinetic PD subjects on and off dopaminergic medication, and of 10 agematched control subjects, during a visually guided tracking task. We tested subjects’ ability
to de-weight ambiguous visual feedback by introducing ‘jitter’ to a target that followed a
Lissajous path. We calculated root mean square (RMS) tracking error, and performed a
robust multivariate linear regression analysis to determine the contribution of tracking speed
and ambiguity to RMS error. We further computed linear dynamical system (LDS) models of
subjects’ tracking data to characterize the decay rate, an indicator of the relative reliance on
the ambiguous jitter during tracking. The results of this chapter show that increasing target
ambiguity and speed contributed significantly more to the RMS error of dyskinetic subjects
off medication than all other groups. L-dopa improved the RMS tracking performance of
both PD groups, while normalizing the RMS error of non-dyskinetic subjects. Yet despite
decreases in RMS tracking error, medication paradoxically significantly increased the decay
rate of dyskinetic compared to non-dyskinetic subjects’ tracking. In conclusion, the RMS
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tracking performance of dyskinetic PD subjects off medication is significantly more affected
by ambiguous visual feedback than that of non-dyskinetic and control subjects. L-dopa
improves overall motor performance for both PD groups, but at the cost of inappropriate
reliance on ambiguous visual feedback in dyskinetic PD subjects – a trade off that does not
appear present in non-dyskinetic subjects. These results are indicative of inadequate
weighting of predictive and feedback driven motor control in dyskinetic PD subjects
confronted with visual uncertainty.
4.2

Introduction

Prediction is a fundamental component of motor control. For instance, when catching
a baseball it is necessary to predict where the ball will be at a given instant and how much
force its impact will generate in order to prepare the hand for the catch. Central to motor
prediction is the forward model, which is a prediction of the sensory consequences of
movement (Wolpert et al., 1995). Substantial evidence indicates that humans use forward
models to predict the sensory consequences of their own actions (Kuo, 1995; Wolpert et al.,
1995; Merfeld et al., 1999; van Beers et al., 1999; Vaziri et al., 2006; Gritsenko et al., 2009),
as well as to predict the dynamics of objects in the external environment (Merfeld et al.,
1999; McIntyre et al., 2001; Zupan et al., 2002; Davidson & Wolpert, 2003; Davidson &
Wolpert 2005; Schubotz, 2007). Furthermore forward models of object dynamics are
necessary to guide visuo-motor coordination tasks, and can even override observed
kinematic feedback (Zago et al., 2004; Zago et al., 2009).
Predictive forward modeling becomes even more imperative as the reliability of
visual feedback is compromised, for example in dim lighting. Human subjects have been
shown to both account for the degree of sensory uncertainty as well as to de-weight their
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reliance on ambiguous sensory feedback during motor performance (Wolpert et al., 1995;
Wolpert & Ghahramani, 2000; van Beers et al., 2002; Baddeley et al., 2003; Angelaki et al.,
2004; Kording & Wolpert, 2004; Vaziri et al., 2006; Wei & Kording, 2010), and to do so
utilizing predictive forward models (Wolpert & Ghahramani, 2000; van Beers et al., 2002;
Vaziri et al., 2006). However, when subjects are unable to use predictive motor control, as
has been shown in the case of patients with cerebellar degeneration, the motor response no
longer anticipates sensory feedback but rather reacts to it in an uncoordinated manner
(Müller & Dichgans 1994; Babin-Ratte et al., 1999; Nowak et al., 2002; Nowak &
Hermsdorfer, 2005). Deficits in predictive motor control and subsequent increased reliance
on feedback are classically seen in diseases of the cerebellum (Beppu et al., 1984; Stein,
1986; Beppu et al., 1987; Day et al., 1998; Lang et al., 1999; Bastian, 2006). Evidence from
neuroimaging and computational studies is in accordance with this, indicating that predictive
forward models likely reside in the cerebellum (Kettner et al., 1997; Blakemore et al., 1998;
Inoue et al., 1998; Kitazawa et al., 1998; Tamada et al., 1999; Blakemore et al., 2003;
Kawato et al., 2003; Imamizu et al., 2003; Bastian, 2006; Ito, 2008; Synofzik et al., 2008).
However, deficits in predictive motor control have as well been described in Parkinson’s
disease (PD) where subjects become overly reliant on visual feedback (Flowers, 1978a;
Flowers, 1978b).
L-dopa remains the gold standard of treatment in PD despite the relatively common
occurrence of side effects such as L-dopa-induced dyskinesias (LID) (Agid et al., 1999).
Peak-dose LID are excessive involuntary movements that occur as a side effect of L-dopa
treatment in PD as dopamine reaches peak concentrations in the brain (Fahn, 2000). Deficits
in sensorimotor control have been demonstrated in dyskinetic PD subjects, possibly relating
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to inadequate predictive motor control (Moore, 1987). Moore found that dyskinetic subjects
underestimate the distance their limb has moved, which he hypothesized was a result of an
exaggerated ‘corollary discharge’, or efference copy of the motor command. Furthermore, a
sensorimotor contribution to LID was demonstrated by the heightened motor responses of
dyskinetic PD subjects to visual feedback (Liu et al., 2001). However, the authors concluded
that deficits in predictive control were unlikely to explain their results, noting the basal
ganglia pathology of PD and suggesting instead that the increased responses to feedback
may have been in response to the excessive movements of the LID, or to the greater
magnitude of tracking error resulting from involuntary movements. More recently there is a
significant amount of evidence demonstrating altered cerebellar activity in PD (Rascol et al.,
1997; Yu et al., 2007; Lewis et al., 2007; Ballanger et al., 2008; Palmer et al., 2009; Ni et
al., 2010), and more specifically in dyskinetic PD (Koch et al., 2009), suggesting that
cerebellar compensation and/or dysfunction may frequently occur in PD. Thus, possible
cerebellar changes in dyskinetic PD, as well as the involuntary nature of LID, may impair
predictive motor control in these subjects.
In chapter 2 we demonstrated that PD subjects are susceptible to sensory uncertainty
during visually guided tracking, but did not dichotomize dyskinetic and non-dyskinetic
subjects. Therefore in chapter 4 we employ the same tracking task to assess the
susceptibility to uncertain visual feedback of dyskinetic and non-dyskinetic PD subjects. As
previous work has demonstrated linear dynamical system (LDS) models to be a sensitive
marker of motor performance in PD (Au et al., 2010), here we used LDS models in addition
to quantifying tracking error to assess tracking performance. By extracting the decay rate
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parameter from the LDS models during ambiguous tracking, we quantified subjects’ relative
reliance on uncertain visual feedback.
4.3
4.3.1

Methods
Subjects

The work in this chapter utilizes the same raw tracking data set as that used in chapter
3. Therefore data from 19 patients with clinically-definite PD (Hoehn and Yahr stage 1-3)
(Hoehn & Yahr, 1967), 9 of which were dyskinetic PD (DPD) subjects and 10 were nondyskinetic PD (NDPD) subjects, and 10 age-matched control subjects without active
neurological disorders, were utilized in this chapter. However, here we examined both the
ambiguous and non-ambiguous tracking conditions while subjects were off and on
medication, and again dichotomized PD subjects with respect to presence or absence of LID.
As noted in chapter 3, all patients had overnight withdrawal of medications for at least
12 hours before the study for L-dopa, and 18 hours for dopamine agonists. The converted Ldopa daily dosage was calculated as 100 mg L-dopa = 125 mg of controlled-release L-dopa.
This was then added to the equivalents of dopamine agonists to give the L-dopa equivalent
daily dosage (LEDD), where 100 mg of L-dopa = 1 mg of pramipexole, 6 mg of ropinirole,
10 mg of bromocriptine, 75 mg of L-dopa plus entacapone. The presence of peak-dose LID
was assessed up to 1.5 hours after the L-dopa challenge, where subjects received the
equivalent of their morning L-dopa dose given in the immediate release form. Peak-dose LID
were defined by the presence of involuntary choreiform movements in any of the head/neck,
trunk and limbs of variable duration, and may or may not have been accompanied by
dystonia. LID severity was assessed according to the Goetz Dyskinesia Rating Scale (Goetz
et al., 1994), and all DPD subjects had mild LID that were of minimal severity and did not
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interfere with voluntary motor acts. Disease severity was assessed according to the Unified
Parkinson’s Disease Rating Scale (UPDRS) motor score in the off medication state. The
Ethics Board of the University of British Columbia approved the study and all subjects gave
written, informed consent.
4.3.2

Study paradigm

The experimental paradigm used in this chapter is described in detail in chapter 2.
Briefly, a Lissajous figure was presented on a screen measuring 1.62 m by 1.22 m with a red
circular target (12 cm in diameter) in the center of the screen. Subjects stood approximately
55 cm in front of the screen, and tracked the moving target with their index finger, requiring
movement about the wrist, elbow and shoulder joints. In the baseline trials the target
smoothly followed the Lissajous path, either at a Slow tracking speed (average speed of 56.2
cm/sec) or a Fast tracking speed (average speed of 78.3 cm/sec). In subsequent visually
ambiguous conditions, the target jittered about the path while maintaining the path’s overall
trajectory. In the ambiguous tracking conditions, subjects were instructed to attempt not to
chase the jitter, but rather to attempt to track the desired target’s position, which maintained
the overall Lissajous trajectory. Four levels of visual ambiguity were tested, {0, 0.03, 0.05,
0.07} – representing the amplitude of jitter with respect to screen height, at two speeds,
giving a total of 8 conditions. Each condition was tested in 3 different trials, where a trial
consisted of 30 seconds of tracking, a 12 second rest, followed by 30 seconds of tracking.
Subject DPD 9 was an exception and completed 2 trials of each condition due to fatigue.
4.3.3

Quantification of tracking performance

We calculated root mean square (RMS) tracking error as described in chapter 2.
There was a training effect between trial set 1 and trial set 2 that subsequently stabilized (as
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determined by changes in RMS tracking errors) (Fig. 4-1), and we therefore omitted trial set
1 in all subsequent calculations.
We again computed linear dynamical system (LDS) models utilizing system
identification techniques (Ljung, 1999), but in this chapter we focused on the decay rate
parameter of subjects’ tracking during the ambiguous tracking conditions – which is
indicative of the relative reliance on ambiguous visual feedback.
4.3.4

Statistical analyses

RMS tracking error and mean decay rate were compared for all groups using analysis
of variance (ANOVA). Significance was declared at p<0.05 after correcting for multiple
comparisons. A robust multivariate regression analysis was performed, using RMS error as
the dependent variable, speed and ambiguity as the independent variables, and the B
coefficients were obtained indicating the portion of RMS error that is explained by speed
and ambiguity amplitude.
We assessed the LDS models’ loss of function (e.g., Akaike information criterion, or
Akaike final prediction error) in order to indicate how well a model fits the data it was
constructed from, and overfitting was prevented by penalizing the use of an excessive
number of model parameters. Higher model quality is indicated by lower loss function
values, which represent a relatively better fit to the experimental data, as there is less ‘loss’
of information from the experimental data.
4.4

Results

For a description of subjects’ characteristics please refer to Table 3-1. Analysis of the
RMS error between trials revealed that there was a training effect demonstrated between
trials 1 and 2, indicated by a significant decrease (p<0.021) in RMS error for all groups,
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except for the DPD group on medication (p>0.05). RMS error stabilized between trials 2 and
3 for all groups (p>0.39) (Fig. 4-1). Trial 1 data was therefore omitted from all subsequent
data analysis to ensure we were not examining motor learning in our visually guided
tracking task but rather the effect of visual uncertainty after learning had occurred and
stabilized.
ANOVA of RMS error revealed several findings. During non-ambiguous tracking
conditions there were no significant differences in RMS error between all groups (F = 1.75,
p = 0.16 for Slow tracking, F = 2.23, p = 0.082 for Fast tracking), indicating that even while
both DPD and NDPD subjects were off medication they could perform the non-ambiguous
tracking task as well as control subjects (Fig. 4-2A). However, between group comparisons
of RMS error during ambiguous tracking revealed that at both Slow and Fast tracking speeds
DPD OFF subjects had significantly greater RMS error than Control subjects at all levels of
ambiguity (p<0.0021), and similarly NDPD OFF subjects had significantly greater RMS
tracking error than Control subjects in all ambiguous conditions (p<0.047), except for in
condition {Slow, 0.07 ambiguity} (p = 0.07). DPD OFF subjects demonstrated greater RMS
error than NDPD OFF subjects in all ambiguous conditions, though this was not statistically
different (p>0.15). The RMS error of DPD subjects on medication remained significantly
higher than that of control subjects across all ambiguous tracking conditions (p<0.043)
except for conditions {Slow, 0.05 ambiguity, p = 0.11} and {Fast tracking, 0.07 ambiguity,
p = 0.0525}. NDPD ON subjects demonstrated a normalization of RMS error with
medication, as their RMS error did not significantly differ with that of Control subjects in
any of the ambiguous tracking conditions (p>0.25). As a result, the RMS error of DPD ON
subjects significantly differed from that of NDPD ON subjects in conditions {Slow, 0.07
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ambiguity} (p = 0.013) and {Fast, 0.07 ambiguity} (p = 0.048), but not in conditions {Slow,
0.03, 0.05 ambiguity} (p>0.055) and conditions {Fast, 0.03, 0.05 ambiguity} (p>0.053).
ANOVA revealed significant within group differences in RMS error with the
addition of target ambiguity for all groups. Specifically, the RMS error was significantly
increased from the baseline non-ambiguous conditions (Slow and Fast speeds) to each of the
ambiguous conditions at the respective tracking speed for all groups (p<3.9x10-6).
Additionally, there were significant increases in RMS error between the conditions {0.03
ambiguity} and {0.07 ambiguity} at slow and fast speeds for DPD OFF subjects (p<0.033),
for DPD ON subjects (p<0.03) and for control subjects (p<0.014). This significant
difference was also observed in NDPD OFF and NDPD ON subjects at Fast tracking speed,
respectively (p = 0.04 and p = 0.0055), but not in NDPD OFF and NDPD ON subjects at
Slow tracking speed, respectively (p = 0.099 and p = 0.06).
The differences in RMS error between non-ambiguous and maximum ambiguous
tracking conditions were not significantly correlated with UPDRS scores at either tracking
speed for either dyskinetic subjects (p>0.19) or for non-dyskinetic subjects and (p>0.1). This
indicates that for both PD groups the increase in RMS error observed due to increasing
ambiguous sensory input cannot be attributed to disease severity.
The overall effect of increasing ambiguity and speed on tracking performance, and
the L-dopa effect, is illustrated in Figure 4-2B. The regression analysis illustrates the relative
contribution of increasing ambiguity and speed to RMS error by group. Increasing tracking
speed and ambiguity contributed to the RMS error of DPD OFF subjects significantly more
than for all other groups. Additionally, the susceptibility to speed and visual ambiguity is not
normalized with medication for DPD ON subjects, but is roughly normalized for NDPD ON
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subjects. The speed and ambiguity regression coefficients captured by the model are highly
significant for all groups (p<10-4). Furthermore, the between group differences in both speed
and ambiguity regression coefficients are as well highly significant (p<10-4).
The Akaike's Final Prediction Error (FPE) and Akaike information criterion (AIC)
used to assess the LDS models from ambiguous tracking conditions revealed robust tracking
models. The means and standard deviations of the estimated linear dynamical system
models’ FPE and AIC were < 3.1 ± 2.0 and < 1.8 ± 0.4 respectively, for all groups across all
conditions, which is indicative of high model quality/fit. Furthermore, there were few
outliers in the FPE and AIC values indicating high model validity.
Figure 4-3 illustrates that DPD subjects demonstrated significantly greater mean
decay rates while on medication. ANOVA revealed significant differences in mean decay
rates between groups in conditions {Slow, 0.07 ambiguity} (p = 0.0027) and all fast tracking
conditions {Fast, 0.03, 0.05, 0.07 ambiguity} (p<0.01). Medication tended to decrease or
have no effect on the decay rate of NDPD subjects, but paradoxically increased the decay
rate of DPD subjects, and the differing effect of medication on decay rate pooled across
ambiguous tracking conditions was statistically significant between dyskinetic and nondyskinetic subjects (p = 8x10-4 for Fast tracking, p = 0.02 for Slow tracking). Furthermore,
decay rate was not significantly correlated with UPDRS (p>0.14) for either of the PD groups
in any of the ambiguous tracking conditions.
In order to get an intuitive interpretation of the significantly different decay rates, we
interrogated typical models from each group (i.e. models with eigenvalues closes to the
mean for each group) with 1-dimensional sinusoidal inputs and additive noise similar to the
experiment to determine the predicted tracking performance. Ideal tracking performance
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would occur in systems that ignore the noisy input and faithfully maintain sinusoidal
tracking. Consistent with the RMS error results, the sinusoidal tracking improved after
medication in both dyskinetic and non-dyskinetic subjects. However, after L-dopa
medication, dyskinetic subjects had a paradoxical worsening of their ability to ignore the
noisy visual cue, and were excessively reliant on noisy ambiguous visual feedback (Fig. 44).
4.5

Discussion

We examined the ability of 9 dyskinetic and 10 non-dyskinetic PD subjects, as well
as that of 10 age-matched control subjects, to de-weight uncertain sensory feedback and
instead more heavily rely on predictive motor control during visually guided tracking. The
relative contributions of increasing target ambiguity and speed to the RMS tracking error
were the greatest for dyskinetic PD subjects off medication (Fig. 4-2B). As expected, Ldopa medication improved overall tracking performance for both PD groups, as evidenced
by reduced RMS error with medication (Fig. 4-2) and the ability of fitted models to
faithfully track a sinusoidal input (Fig. 4-4, right upper panel). However in dyskinetic
subjects, improved overall tracking performance came at a price: they were also more
responsive to and reliant on non-informative visual feedback (Fig. 4-4, right lower panel).
We interpret our results in the context of established performance trade-offs in control
theory, in which controllers that produce exceptionally fast, high-performance tracking
under ideal circumstances are also extremely poor at disturbance rejection (that is, they
experience high sensitivity to external or unmodeled noise processes), and in the biological
system this leads subjects to more heavily rely on ambiguous sensory feedback and less on
predictive motor control.
In contrast to dyskinetic PD subjects, the decreased RMS error and decay rate of
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non-dyskinetic subjects (off and on medication) and of control subjects during ambiguous
tracking demonstrates that the ability to de-weight ambiguous sensory feedback was
relatively preserved in these groups. Thus the improvement in motor performance with Ldopa does not come with the trade-off of greater reliance on ambiguous visual feedback in
non-dyskinetic PD subjects. This is in agreement with other studies demonstrating that nondyskinetic PD subjects do not overly respond to visual feedback (Liu et al., 1999), and that
healthy human subjects internally account for sensory uncertainty and de-weight uncertain
feedback during motor performance (Wolpert et al., 1995; Baddeley et al., 2003; Kording &
Wolpert, 2004; Wei & Kording, 2010), and do so using forward models (Wolpert &
Ghahramani, 2000; van Beers et al., 2002; Vaziri et al., 2006).
One possible explanation for dyskinetic PD subjects’ inability to de-weight
ambiguous sensory feedback, is an increased response to the sensory discrepancy between
actual and predicted sensory feedback. Forward models are used to predict sensory
feedback, and the predicted feedback is subsequently compared to actual feedback when it
becomes available after an inherent delay (van Sonderen et al., 1988; Miall & Wolpert,
1996). The difference between the actual and predicted sensory feedback is known as the
sensory discrepancy or error, which is then used to update the forward model and in turn
improve motor performance (Wolpert et al., 1995; Miall & Wolpert, 1996). During the nonambiguous conditions of our tracking task the sensory discrepancy is likely minimal as the
predicted sensory feedback relating the subjects’ index finger position and the target position
would be congruent, which is supported by the lack of differences in RMS tracking error
between the groups in the baseline conditions (Fig. 4-2A). However, in the ambiguous
tracking conditions the sensory discrepancy would be large due to the ambiguous jitter of
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the target. In this manner control and non-dyskinetic PD subjects may neglect the sensory
discrepancy and more heavily weight their forward model in conditions when sensory
feedback is uncertain. By contrast, dyskinetic PD subjects may attempt to update their
forward models based on ambiguous feedback, subsequently leading them to be more
responsive to and reliant on ambiguous sensory feedback. Interestingly, evidence from
neuroimaging studies demonstrates significant cerebellar activity in conditions of mismatch
between predicted and actual feedback (Blakemore et al., 1998), and the degree of mismatch
imposed by temporal delays has been correlated with cerebellar activity (Blakemore et al.,
2001). Further evidence indicates that the cerebellar climbing fiber-Purkinje cell synapse
may signal the error between the predicted and actual sensory feedback (Oscarsson 1980;
Anderson & Armstrong, 1985; Gellman et al., 1985; Simpson et al., 1996; Kettner et al.,
1997; Kitazawa et al., 1998). Accordingly, cerebellar hyperactivity in PD (Yu et al., 2007)
may excessively sensitize PD subjects to sensory error, where the degree of sensitization
may differ between dyskinetic and non-dyskinetic subjects.
Alternatively, control and non-dyskinetic PD subjects may have been better able to
predict the desired target position in the ambiguous tracking conditions. The concept of
forward modeling has been extended to predicting the sensory consequences of input from
the external environment (Merfeld et al., 1999; McIntyre et al., 2001; Zupan et al., 2002;
Davidson & Wolpert, 2003; Zago et al., 2004; Davidson & Wolpert 2005; Schubotz, 2007;
Zago et al., 2009). For example, evidence indicates that human subjects utilize forward
models of visual cues (Zupan et al., 2002), of target motion during interception tasks (Zago
et al., 2004; Zago et al., 2009), and of the physical laws of gravitational acceleration
(Merfeld et al., 1999; McIntyre et al., 2001; Angelaki et al., 2004). Computationally, we
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quantified RMS tracking error as the difference between the subjects’ index finger position
and the target position along the smooth Lissajous path at any given time point, a position in
the ambiguous conditions that corresponded to the mean of the jitter amplitude along the
path. Human subjects have been shown to reliably predict the mean perturbation delivered
from a variable distribution in reaching tasks (Scheidt et al., 2001; Takahashi et al., 2001),
and to do so according to Bayesian inference (Kording & Wolpert, 2004). Though we did
not explicitly test the use of Bayesian statistics in this study, the strategy of more heavily
weighting the mean jitter amplitude and de-weighting the instantaneous uncertain jittering
position of the target in order to predict the desired tracking position, corresponds to the
optimal motor response in our task that minimizes RMS tracking error. Thus dyskinetic
subjects may be less able predict the target location based on the mean jitter amplitude,
rendering them susceptible to the ongoing ambiguous feedback.
The cerebellum is known for its integral role in predictive motor control, and
predictive deficits that lead subjects to excessively respond to feedback by making many
corrective movements are typically seen in cerebellar disease (Beppu et al., 1984; Beppu et
al., 1987; Day et al., 1998; Bastian, 2006), a motor response that is likely due to inadequate
forward modeling (Babin-Ratte et al., 1999; Nowak et al., 2002; Bastian, 2006). Extensive
evidence supports the use of forward models in human subjects (Kuo, 1995; Wolpert et al.,
1995; Miall et al., 1996; Merfeld et al., 1999; van Beers et al., 1999; Vaziri et al., 2006;
Gritsenko et al., 2009), and neuroimaging, electrophysiology and transcranial magnetic
stimulation (TMS) studies provide strong evidence for the role of the cerebellum in forward
modeling (Kettner et al., 1997; Blakemore et al., 1998; Inoue et al., 1998; Kitazawa et al.,
1998; Tamada et al., 1999; Blakemore et al., 2003; Kawato et al., 2003; Imamizu et al.,
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2003; Bastian, 2006; Miall et al., 2007; Ito, 2008; Synofzik et al., 2008). Thus, a possible
neuroanatomical correlate of the inability of dyskinetic subjects to de-weight ambiguous
visual feedback demonstrated in the present study is inadequate cerebellar forward
modeling. The growing evidence of functional cerebellar changes that occur in PD supports
this possibility (Rascol et al., 1997; Yu et al., 2007; Lewis et al., 2007; Ballanger et al.,
2008; Palmer et al., 2009; Koch et al., 2009; Ni et al., 2010).
However, in addition to the cerebellum the posterior parietal cortex (PPC) is believed
to have an important role in predictive motor control (Blakemore & Sirigu, 2003). The role
of the PPC in making online corrections (a process that requires forward models) during
movement has been demonstrated in patients with lesions to this area and through the use of
TMS (Desmurget et al., 1999; Pisella et al., 2000). TMS applied to the PPC of healthy
human subjects prevented them from making fast on-line corrective movements to a target
perturbation in a reaching task when vision of their arm was occluded, and they instead
continued to reach to the initial target (Desmurget et al., 1999). As dyskinetic subjects in our
study were found to be overly responsive to the ambiguous visual feedback (as opposed to
unresponsive PPC subjects), this may argue against altered PPC function explaining our
results. Moreover, PPC stimulation has been related to motor awareness (Desmurget et al.,
2009), and interestingly dyskinetic PD patients can be unaware of their involuntary
movements (Vitale et al., 2001). Nonetheless it is possible that altered PPC activity
contributed to the impaired predictive motor control of dyskinetic subjects, and as the PPC
and cerebellum have reciprocal neuroanatomical connections (Glickstein, 2000; Clower et
al., 2001), it is likely that these two structures work together in using forward models to
guide motor performance.
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The overall RMS tracking error of dyskinetic PD subjects was most adversely
affected by visual uncertainty while subjects were off dopaminergic medication. This is
perhaps counterintuitive as the involuntary movements of LID that distinguish dyskinetic
from non-dyskinetic subjects occur while they are on medication. However, differences in
the off medication state may be explained by persistent neural plasticity in dyskinetic PD
(Troiano et al., 2009). This is supported by animal models of PD suggesting that unnatural
pulsatile stimulation of dopaminergic receptors, as occurs with intermittent dosing of Ldopa, may induce plastic changes that contribute to the development of LID (Calon et al.
2000a; Aubert et al. 2005). Interestingly, younger patients are more prone to developing LID
(Kumar et al., 2005), and this may be related to a greater degree of plasticity occurring in the
younger brain. Additionally, plasticity related to LID is not limited to the basal ganglia, as
Nimura & colleagues (2004) demonstrated cerebellar plasticity particular to LID as the
binding potential of the cerebellar sigma receptors was positively correlated with LID scores
but not with disease severity of PD patients undergoing pallidotomies. Cerebellar TMS has
been shown to lessen LID severity further suggesting altered cerebellar plasticity in the
dyskinetic PD. We have furthermore found behavioural differences that differentiate
dyskinetic from non-dyskinetic subjects in the off medication state that may be related to
cerebellar plasticity (chapter 3). Direct neuroanatomcial pathways connecting the basal
ganglia and the cerebellum have been found in primates (Hoshi et al., 2005; Bostan et al.,
2010), providing a route for the administration of L-dopa to interact with altered persistent
plasticity in these structures leading to excessive involuntary movements.
Dyskinetic subjects on medication demonstrated fundamentally differing responses
to non-informative ambiguous visual feedback compared to non-dyskinetic subjects on
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medication. This not only suggests plastic changes of the motor system that differentiates
these PD sub-groups, but also may directly contribute to the involuntary movements of LID.
We propose three possible explanations for how these motor responses may contribute to
involuntary movements. Firstly, contrast sensitivity is reduced in PD (Bodis-Wollner et al.,
1987; Price et al., 1992), and possible differences between dyskinetic and non-dyskinetic
subjects may effectively reduce the reliability with which dyskinetic subjects interpret the
visual world. Deficits in contrast sensitivity in PD are more marked at higher spatial
frequencies (Mestre et al., 1990; Jones et al., 1992), and as sensory ‘noise’ is characterized
by higher frequencies, reduced contrast sensitivity may selectively amplify ambiguous
sensory input perceived by dyskinetic subjects. Faced with a more uncertain world, a greater
tendency to respond to the ongoing uncertainty as found in this study, may induce abnormal
movements in dyskinetic subjects. Secondly, inadequate forward models in dyskinetic PD
may produce a sensory discrepancy between the predicted and actual sensory outcomes of
movement on a continual basis (and not only when artificially provided as in our tracking
task), effectively serving as an endogenous ‘noisy’ error signal eliciting continual motor
responses. Thirdly, L-dopa induces depressed proprioceptive sense in PD (O’Suilleabhain et
al., 2001), and mismatches between visual and proprioceptive sensory input have as well
been found in PD (Demirci et al., 1997). This may lead to a compensatory shift to greater
reliance on visual input, which may lead dyskinetic subjects to attempt to ‘chase’ visual
stimuli resulting in abnormal movements.
In addressing potential limitations of this study, there was a trend towards greater
disease severity of dyskinetic than non-dyskinetic PD subjects, though the difference was
non-significant (Table 3-1). Nonetheless, in order to fully address this we examined the
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relationship between UPDRS and the increase in RMS between the non-ambiguous and
maximum ambiguous tracking conditions, and no significant correlation for either dyskinetic
or non-dyskinetic subjects was found. Thus, the worsening of motor performance with
increasing visual ambiguity was not associated with disease severity. Furthermore, UPDRS
was not significantly correlated with decay rate for either PD groups. Secondly, we tested
PD subjects in the practically defined off medication state with 12 hours of L-dopa
withdrawal and 18 hours for dopamine agonists, and subjects were symptomatic upon study
commencement. We note that this method of examining the practically defined off
medication state in PD is universally utilized (Langston et al., 1992; Defer et al., 1999),
though we acknowledge that this may not reflect a truly depleted dopaminergic state.
In conclusion, we demonstrate that dyskinetic PD subjects are significantly more
susceptible to visually ambiguous sensory input during a visually guided tracking task, and
that the improvement in overall tracking performance with L-dopa medication comes at a
price for dyskinetic PD subjects: an increased reliance on ambiguous visual feedback. The
results indicate inadequate weighting of predictive motor control in dyskinetic PD, which
may be a significant contributor to pathophysiology of LID. We discuss possible cerebellar
dysfunction in dyskinetic PD as a neuroanatomical substrate of inadequate weighting of
predictive motor control.
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Figure 4-1. The training effect for dykinetic and non-dyskinetic
subjects.
All groups demonstrated a significant decrease in RMS error between trial 1 and trial 2 except for the DPD ON group
(where the decrease was not significant), and the RMS error subsequently stabilized for all groups between trials 2 and
3. We therefore omitted trial 1 data in all subsequent calculations.
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Figure 4-2. Effect of speed and ambiguity on dyskinetic subjects’ RMS error.
A) RMS error by tracking condition. Differences in RMS error in the non-ambiguous tracking
conditions between all groups did not significantly differ, and the effect of increasing ambiguity on RMS error
at slow and fast tracking speeds by group is illustrated. Dyskinetic subjects off medication exhibit the greatest
RMS error in the ambiguous tracking conditions. B) Regression analysis. The relative contribution of
increasing target ambiguity and speed on RMS error is demonstrated. Dyskinetic subjects off medication
demonstrate a significantly greater sensitivity to increasing ambiguity and speed than Control and nondyskinetic subjects off medication, which is not normalized with L-dopa medication for dyskinetic subjects.
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Figure 4-4. LDS model simulation results: response to ambiguous visual feedback.
Left panel: Tracking input is a combination of a smooth sinusoidal reference trajectory and bandpass filtered
white noise. Right panel: Subjects modeled tracking output in a smooth non-ambiguous tracking condition
(upper box) and in a ‘noisy’ ambiguous tracking condition (lower box). In the upper box the modeled tracking
output of a representative subject from each group is shown. The subjects’ output in non-ambiguous conditions
is similar across groups. In the lower box the effect of ‘noisy’ ambiguous input on modeled output of a
dyskinetic and a non-dyskinetic subject is shown. The increased decay rate of dyskinetic subjects on medication
leads them to attempt to track the noise significantly more. The noisy visual signal is reduced to 15% of the
actual magnitude for visualization purposes.
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CHAPTER 5 CONCLUSION
5.1

Introduction

The purpose of this thesis was to 1) investigate the ability of PD subjects, including
that of dyskinetic and non-dyskinetic sub-groups, to de-weight ambiguous visual feedback
during motor performance, and 2) to use a manual tracking task to investigate and
characterize possible subtle differences between the motor performance of dyskinetic and
non-dyskinetic PD sub-groups.
To address this we designed a large-amplitude visually guided tracking task where the
target ‘jittered’ about the desired trajectory rendering its instantaneous position uncertain,
quantified motor performance using RMS tracking error, and computed LDS models to
extract the damping ratio, natural frequency and decay rate parameters of the models.
We found that 1) PD subjects off medication were significantly more susceptible to
increasing visual uncertainty than control subjects, 2) dyskinetic subjects demonstrated
significantly reduced damping ratios during non-ambiguous tracking compared to nondyskinetic subjects while both groups were off medication, and 3) dyskinetic subjects were
significantly more susceptible to visual uncertainty off medication, and the L-dopa induced
improvement in motor performance of both PD groups came at a price for dyskinetic
subjects – a greater response to and reliance on ambiguous visual feedback, as demonstrated
by increased decay rate with medication.
This chapter will summarize the findings of this thesis and discuss the interpretations
of our results, highlight the significance of the results while acknowledging the limitations of
the experiments, and finally provide insight into future directions of study.
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5.2

Summary of findings and interpretations

We used a visually guided tracking task to probe the motor response of PD
subjects to ambiguous visual feedback, while comparing these responses as well as further
subtleties in motor performance across dyskinetic and non-dyskinetic PD sub-groups.
Collectively, the results of this thesis highlight the possible role of altered cerebellar function
as a significant contributor to the pathophysiology of PD and LID. More specifically, the
results from chapters 2 and 4 indicate that PD is marked by a susceptibility to and reliance on
sensory uncertainty that is suggestive of impaired cerebellar forward modeling, and that this
may be particular to dyskinetic PD. Chapter 3 supports the hypothesis that cerebellar
plasticity may differentiate dyskinetic from non-dyskinetic PD subjects, as we found
abnormalities in dyskinetic subjects’ tracking performance in the off medication state that are
similar to abnormalities that are known to present in cerebellar patients.
In chapter 2 we demonstrated that though PD subjects off medication were able to
complete a large-amplitude tracking task to the same degree of accuracy as healthy age
matched control subjects in the baseline non-ambiguous tracking condition, the RMS
tracking error of PD subjects off medication was significantly more adversely affected by
increasing target uncertainty and speed than that of control subjects (Fig. 2-3). Furthermore,
L-dopa medication only partially normalized this result. We interpreted this susceptibility to
increasing visual ambiguity of parkinsonian subjects as an inability to de-weight ambiguous
visual feedback and instead more heavily rely on predictive motor control, a strategy that
healthy human subjects have been shown to employ (Wolpert et al., 1995; Wolpert &
Ghahramani, 2000; van Beers et al., 2002; Baddeley et al., 2003; Angelaki et al., 2004;
Kording & Wolpert, 2004; Vaziri et al., 2006; Wei & Kording, 2010). We interpreted our
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findings as suggestive of cerebellar dysfunction in PD, owing to the evidence highlighting
the integral role of the cerebellum in forward modeling (Diener et al., 1993; Gao et al., 1996;
Jueptner et al., 1997; Kettner et al., 1997; Blakemore et al., 1998; Inoue et al., 1998; Tamada
et al., 1999; Kitazawa et al., 1998; Kawato et al., 2003: Imamizu et al., 2003; Bastian, 2006;
Ito, 2008; Synofzik et al., 2008).
In chapter 3 we used LDS models to examine the motor performance of dyskinetic and
non-dyskinetic subjects off medication, as well as that of healthy control subjects, during the
non-ambiguous slow tracking condition of our task. We demonstrated that though the RMS
tracking error was not significantly different between these three groups, the damping ratio
parameter extracted from the LDS models was significantly lower for dyskinetic subjects
than for non-dyskinetic and control subjects (Fig. 3-1). This finding is of interest for two
principal reasons. Firstly, this is a novel result demonstrating that motor performance differs
between dyskinetic and non-dyskinetic groups even in the off medication state when LID are
not present, which is a somewhat counterintuitive finding as PD symptoms of both groups
appear similar if not identical in the off medication state. This finding is suggestive of
persistent neural plasticity that may be fundamentally different between these PD subgroups, and in the dyskinetic case this may predispose these subjects to the development of
LID. Secondly, underdamped motor performance leads to overshoot of a desired trajectory
during motor performance (Fig. 3-2), a frequently observed phenomenon in patients with
lesions to the cerebellum (Hore et al., 1991; Manto et al., 1995; Brown et al., 1999). We
speculate that our findings are reflective of cerebellar plasticity in PD that may contribute to
the pathophysiology of LID. This interpretation is supported by recent evidence
demonstrating altered cerebellar plasticity in dyskinetic PD subjects (Nimura et al., 2004) as
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well as results from a study demonstrating an improvement in LID severity with the use of
cerebellar TMS (Koch et al., 2009).
In chapter 4 we used RMS tracking error and LDS models to examine the effect of
visual ambiguity and speed on the motor performance of dyskinetic, non-dyskinetic and
healthy control subjects. Analysis of RMS error revealed that the tracking performance of
dyskinetic PD subjects off medication was significantly more susceptible to increasing visual
ambiguity than that of non-dyskinetic and control subjects (Fig. 4-2). As expected, L-dopa
medication improved the RMS tracking error of both PD groups, while normalizing the RMS
tracking performance of non-dyskinetic PD subjects. However, this improvement in overall
motor performance was accompanied by an increase in the decay rate parameter of
dyskinetic subjects’ tracking in ambiguous conditions, but not that of non-dyskinetic subjects
(Fig. 4-3). The decay rate is indicative of the responsiveness to and reliance on the
ambiguous jitter, and reflects the relative degree to which subjects were attempting to chase
the jitter. Thus, the improvement in overall motor performance from L-dopa comes at a price
for dyskinetic subjects, which is a greater tendency to respond to uncertain visual feedback
(Fig. 4-4). Taken together, we interpret these findings as indicative of impaired predictive
forward modeling in dyskinetic PD leading to an increased reliance on ambiguous visual
feedback, and we suggest that this is reflective of altered cerebellar activity contributing to
the pathophysiology of LID in PD.
The need for predictive forward models in motor control has been demonstrated
through studies indicating that human subjects anticipate changes in sensory information that
would be otherwise precluded by delays in sensory feedback processing. This has notably
been shown in grip force studies (Johansson & Cole 1992; Flanagan & Wing 1997; Kawato,
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1999; Kawato et al., 2003), reaching tasks (Jordan & Rumelhart, 1992; Wolpert et al., 1995)
and tracking tasks (Vercher & Gauthier, 1988; Vercher & Gauthier, 1992; Miall & Wolpert
1996). Furthermore, healthy human subjects have been shown use predictive motor control
to mitigate the effect of sensory uncertainty on motor performance (Wolpert et al., 1995;
Wolpert & Ghahramani, 2000; van Beers et al., 2002; Baddeley et al., 2003; Angelaki et al.,
2004; Kording & Wolpert, 2004; Vaziri et al., 2006; Wei & Kording, 2010). In this manner,
forward model predictions are compared with actual sensory feedback as it becomes
available, and the discrepancy between the two is known as the sensory error, which is then
used to update the forward model in order to improve motor performance (Wolpert &
Ghahramani, 2000). In the case of less reliable sensory feedback however, the relative
weighting of the sensory feedback can be decreased and the forward model more heavily
relied upon in order to maintain near optimal motor performance (Wolpert & Ghahramani,
2000; van Beers et al., 2002; Baddeley et al., 2003; Angelaki et al., 2004; Vaziri et al., 2006).
Therefore, one possible explanation for our results is that dyskinetic PD subjects are highly
tuned to the sensory error, and detrimentally attempt to update their forward models and
motor performance based on ambiguous feedback. This interpretation is supported by the
decreased smoothness of movement observed in dyskinetic PD subjects when visual
feedback is present (Liu et al., 2001). Hypersensitivity to the sensory discrepancy would
lead to a susceptibility to uncertain visual feedback, as well as increased responsiveness to it,
corresponding to our results in dyskinetic PD.
An alternative but related possible explanation for our results is that forward models
used by dyskinetic PD subjects were inadequate. If control and non-dyskinetic PD subjects
were better able to predict the target’s actual position based on the mean amplitude of the
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jitter, and to use this as the reference for the desired trajectory, then it is possible that even in
the ambiguous tracking conditions these groups would have relatively minimal discrepancy
between the actual and predicted feedback. The ability to use forward models to predict the
target’s position is supported by studies demonstrating that humans use forward models of
external objects (Merfeld et al., 1999; McIntyre et al., 2001; Zupan et al., 2002; Davidson &
Wolpert, 2003; Zago et al., 2004; Davidson & Wolpert 2005; Schubotz, 2007; Zago et al.,
2009). Furthermore, the possible ability of control and non-dyskinetic subjects to predict the
mean jitter amplitude in our task is supported by studies demonstrating that healthy human
subjects can predict the mean perturbation amplitude from a variable distribution during
reaching tasks (Scheidt et al., 2001; Takahashi et al., 2001; Kording & Wolpert, 2004). This
explanation contrasts the previous one given in that here the predictive forward models used
by dyskinetic subjects would actually need to be impaired and/or inadequate, whereas for the
explanation in the previous paragraph, it may not be that the forward models are inadequate,
but rather the ability to de-weight the sensory error is what differs between dyskinetic and
non-dyskinetic PD subjects. In either case, the results of this thesis argue that dyskinetic PD
subjects demonstrate an imbalance between the relative weighting of predictive forward
model and visual feedback during motor performance.
The inability of dyskinetic PD subjects to de-weight ambiguous visual feedback is
suggestive of altered cerebellar function. This is supported by numerous studies
demonstrating altered activity in the cerebellum and its connections in PD (Rascol et al.,
1997; Nimura et al., 2004; Yu et al., 2007; Lewis et al., 2007; Ballanger et al., 2008; Koch et
al., 2009 Palmer et al., 2009; Ni et al., 2010), as well as by evidence indicating the
cerebellum as a neuroanatomical correlate of the forward model (Diener et al., 1993; Gao et
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al., 1996; Jueptner et al., 1997; Kettner et al., 1997; Blakemore et al., 1998; Inoue et al.,
1998; Tamada et al., 1999; Kitazawa et al., 1998; Kawato et al., 2003: Imamizu et al., 2003;
Bastian, 2006; Ito, 2008; Synofzik et al., 2008). An intriguing hypothesis is that dyskinetic
PD subjects demonstrate significantly altered cerebellar function that sensitizes them to the
sensory discrepancy between the actual and predicted feedback. Cerebellar involvement in
signaling of the sensory discrepancy is supported by computational studies (Tseng et al.,
2007), imaging studies (Blakemore et al., 1998; Blakemore et al., 2001), and by
electrophysiological studies (Oscarsson 1980; Anderson & Armstrong, 1985; Gellman et al.,
1985; Simpson et al., 1995; Kettner et al., 1997; Kitazawa et al., 1998). The cerebellar
hyperactivity in PD found by Yu & colleagues (2007) might then correspond to increased
sensitivity to sensory discrepancy that may be specific to dyskinetic PD.
An alternative neuroanatomical correlate of the forward model possibly underlying our
results is the posterior parietal cortex (PPC). Similarly to the cerebellum, evidence indicates
that the PPC is integral in action prediction (Duhamel et al., 1992; Sirigu et al., 1996;
Desmurget & Grafton, 2000; Blakemore & Sirigu 2003), though it may be that the PPC is
more involved in higher level strategic planning related to conscious intention and motor
awareness (Blakemore & Sirigu, 2003; Desmurget et al., 2009). PPC function seems to be
essential for making fast online corrections during movement, where subjects with damage
to the PPC or those who receive TMS to it do not respond to online target perturbations
during reaching tasks (Desmurget et al., 1999; Pisella et al., 2000). We suspect this may be
the opposite of what occurs in dyskinetic PD, where responses to visual perturbations are
dramatically increased rather than reduced. Furthermore, PPC activity has been related to the
awareness of motor activity, such that increased stimulation of the PPC leads subjects to
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believe they have moved even when electromyography recordings indicate no muscle
activity (Desmurget et al., 2009). This may further contrast dyskinetic PD subjects, where
evidence indicates they are often unaware of their involuntary movements, at least initially
when LID are in their milder form (Vitale et al., 2001).
An intriguing finding from this work is that some of the motor abnormalities observed
in dyskinetic PD subjects (susceptibility of RMS error to visual uncertainty, decreased
damping ratio) were found while subjects were off medication. As peak dose LID occur
while patients are on medication, the question arises of how these abnormalities may
contribute to the involuntary dyskinetic movements themselves. First, it may be that altered
cerebellar plasticity contributes to LID through an interaction with the basal ganglia upon Ldopa administration. Neuroanatomically this may occur via direct connections between the
basal ganglia and cerebellum that have been found in primates (Hoshi et al., 2005; Bostan et
al., 2010). Alternatively L-dopa treatment in PD may act directly on the cerebellum via the
dopamine D3 receptor (Sokoloff et al., 1990; Bouthenet et al., 1991). Furthermore, though
overall tracking performance was most susceptible to visual ambiguity off medication, it was
not normalized with medication for dyskinetic subjects, suggesting cerebellar abnormalities
that may underlie this result persist in the on medication state and thus may actively
contribute to LID. In addition, L-dopa increased the decay rate parameter from the LDS
models for dyskinetic subjects, demonstrating an increased reliance on ambiguous visual
feedback in the on medication state that may directly contribute to the manifestation of
involuntary movements. As our results suggest a sensorimotor contribution to the
pathophysiology of LID, a hypothesis stemming from this work is that LID result from
inadequate predictive motor control, combined with an L-dopa induced amplified reliance on
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ambiguous visual feedback (in addition to its well known movement enhancing effect), that
together induce involuntary movements in response to ongoing visual feedback.
Overall the findings of this thesis suggest that altered sensorimotor control in PD may
contribute to the development of LID. On the basis of the role of the cerebellum in forward
modeling and predictive motor control, as well as the characteristic ‘overshoot’ seen in
patients with lesions to the cerebellum, we interpret our findings as indicative of altered
cerebellar function in PD that may contribute to the pathophysiology of LID.
5.3

Study significance

Interestingly, an overwhelming majority of studies examining LID have investigated
functional changes in the basal ganglia and the striatal-thalamo-cortical pathway (Chase,
1998; Calon et al., 2000a; Olanow & Obeso, 2000; Nyholm & Aquilonius, 2004; Linazasoro,
2005; Stocchi et al., 2005; Cenci, 2007; Troiano et al., 2009; Calabresi et al., 2010).
However, the complexity of PD pathophysiology suggests the basal ganglia may not be the
sole contributor to LID. Rather than focus on the basal ganglia, this thesis expands on the
idea of altered cerebellar activity in PD and indirectly investigates this as possible
contributor to LID. Expanding on the evidence that microscopic cerebellar plasticity might
contribute to LID (Nimura et al., 2004), we show behavioural differences between dyskinetic
and non-dyskinetic subjects exist that may be the result of such altered cerebellar plasticity.
As this thesis attempts to explore beyond basal ganglia pathophysiology in LID, it will
hopefully inspire further work investigating the cerebellum and other potential neural
contributors to the development of LID.
The prevailing belief regarding the pathophysiology of LID is that the pulsatile
stimulation of dopamine receptors subsequent to the altered basal ganglia state and treatment
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in PD results in involuntary dyskinetic movements (Nyholm & Aquilonius, 2004; Stocchi et
al., 2005; Olanow et al., 2006; Calabresi et al., 2010). Yet despite support for this hypothesis
the mechanisms of LID remain poorly understood (Calabresi et al., 2010), suggesting that
LID are more complex than random dopaminergic neural transmission in the striatum, a
hypothesis that is supported by the deterministic as opposed to random movement patterns
that characterize LID (Gour et al., 2007). Furthermore, attempts to pharmacologically
stabilize the release of dopamine in the basal ganglia have failed at the clinical level to
reduce LID and have even increased the risk of developing them (Stocchi et al., 2010). Our
work here highlights not only a potential role for the cerebellum in LID, but moreover a
potential role for sensory input to impact motor output in a manner that may contribute to
involuntary movements. This work suggests that LID may not result solely from
pharmacological instability, but additionally from altered sensorimotor function in PD.
A novel finding of this thesis is that though the parkinsonian symptoms of dyskinetic
and non-dyskinetic subjects appear similar if not identical when subjects are off medication,
there are actually subtle differences in the characteristics of motor performance between
these two disease states. This finding suggests that LID may be the result of a restructuring
of the motor system, and not merely a lower threshold for an exaggerated response to L-dopa
medication. Though LID manifest as a side effect of the medication, this result might argue
that a fundamental difference exists in the disease itself between these sub-groups that allows
the interaction with L-dopa to produce these involuntary movements. This result somewhat
counter-intuitively highlights the suitability of future research investigating the off
medication state of these PD sub-groups in order to better understand LID, despite the
occurrence of this phenomenon in the on medication state.
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An important finding from this thesis is that PD subjects demonstrate susceptibility to
ambiguous visual input. This knowledge may prove useful in the design of non-invasive aid
devices intended to improve motor performance in PD. For example, it may be possible to
filter higher frequency visual stimuli as a way to reduce visual ‘noise’ that could prove
beneficial to patients. Interesting anecdotal evidence from the clinic suggests that when
dyskinetic patients who are actively experiencing LID close their eyes, LID severity is
reduced and in some cases is completely attenuated. This observation, in addition to the
findings of this thesis, suggest that reducing visual input, and in particular noisy or
ambiguous visual input, may significantly improve the motor performance of dyskinetic PD
subjects. Expanding on this, as contrast sensitivity can be reduced in PD (Mestre et al., 1990;
Hutton et al., 1993), visual aids that improve contrast vision may as a result reduce the
uncertainty of visual cues, and could underscore a possible approach to improving motor
performance in PD. Thus the significant finding of susceptibility to visual uncertainty in PD
may prove useful in directing further studies examining the effect of vision on motor
performance in PD, and further providing insight into how we can alter visual input received
by PD patients to improve their experience of the disease.
State estimation is a current area of interest in motor control studies. Our work here
begins to investigate how altering the state of a visual target in a tracking task, and thereby
affecting patients’ knowledge of their own state in relation to the visual cue, affects motor
performance in PD. This symbolizes an important contribution to motor control literature, as
it was not previously known if PD subjects possessed the same ability as healthy human
subjects to de-weight visual uncertainty during motor performance. Furthermore, in using
system identification techniques we are able to detect subtle differences in motor
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performance of PD subjects, indicating that LDS models can be utilized as an important tool
with which to investigate PD. LDS models further provide great potential in investigating
state estimation in PD, as parameters from the models can be extracted that may provide
further insight into the weighting of feedforward and feedback components of the motor
control system.
In summation, the results of this thesis are significant in that they provide insight into
potential cerebellar and sensorimotor contribution to the pathophysiology of LID, detect
subtle differences between dyskinetic and non-dyskinetic motor performance in the off
medication state, probe more specifically the interaction between vision and motor
performance in PD, and successfully use novel methods to differentiate PD sub-groups,
which collectively provide future research and non-invasive therapy directions.
5.4

Study limitations
5.4.1

Subjects

A potential limitation of this thesis arises from the comparison of dyskinetic and nondyskinetic subjects. PD is a heterogeneous disease, and it is therefore logical to sub-group
subjects as a way to better understand the spectrum of the disease. However, when
comparing across sub-groups, there are invariably differences between the groups beyond the
primary difference being studied – in our case the presence or absence of dyskinesias. For
example, it can be noted in Table 3-1 that the there were differences between dyskinetic and
non-dyskinetic subjects in the means of disease severity (UPDRS), daily equivalent
dopaminergic intake (LEDD), and duration of disease (years since diagnosis). In all cases
these differences were not significantly different, though the dyskinetic subjects had higher
values of these parameters than non-dyskinetic subjects. This finding was not unexpected, as
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evidence indicates that LID frequently manifest with increased disease progression and
dopaminergic dose (Nyholm & Aquilonius, 2004; Jankovic, 2005). Furthermore, we note
that all PD subjects were classified as Hoehn & Yahr 1-3, indicating that all subjects were
considered to have mild to moderate disease severity (Hoehn & Yahr, 1967).
Nonetheless, in order to further address this issue, we performed regression analyses to
account for a possible impact of these differences on our results. In Chapter 3 we
demonstrated that LEDD and disease duration did not significantly predict damping ratio. As
disease severity and dyskinetic state were found to be significant in the regression model, we
subsequently examined the effect of disease severity on damping ratio in both dyskinetic and
non-dyskinetic groups. This result demonstrated that a given UPDRS predicted a
significantly lower damping ratio for dyskinetic than for non-dyskinetic subjects. Therefore,
though there were differences in these disease parameters between PD sub-groups, by
accounting for them in our analyses we don’t believe that they significantly impacted our
primary result revealing subtle differences in damping ratio specific to the dyskinetic state in
PD.
To address this issue in chapter 4, we examined the relationship between differences in
RMS error between the maximum ambiguous and non-ambiguous tracking conditions and
UPDRS, for both dyskinetic and non-dyskinetic groups. We found that these parameters
were not significantly correlated for either group. We further found no significant correlation
between UPDRS and decay rate for either PD groups. This demonstrates that the primary
result indicating that dyskinetic PD subjects were significantly more susceptible to and
reliant on increasing visual uncertainty was not associated with disease severity.
Nonetheless, it should be acknowledged that we cannot completely exclude the possibility
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that differences in disease severity impacted our results. Future studies recruiting dyskinetic
and non-dyskinetic subjects should attempt to match UPDRS, however this may be difficult
to achieve, and we note previous studies comparing dyskinetic and non-dyskinetic subjects
that had significantly greater differences between the groups than we had in our studies
(Wenzelburger et al., 2002).
5.4.2

The off-medication state

The standard paradigm for investigating PD and the influence of L-dopa is to study PD
subjects after 12 hour L-dopa withdrawal (and 18 hour dopamine agonist withdrawal). The
primary reason for this method is the ethical concern for interfering with subjects’ treatment
plans for longer time periods. The issue of overnight withdrawal of medication was
discussed with all of our PD subjects at time of recruiting. This practically defined off
medication state is universally adopted in PD research, and its validity is supported by the
symptomatic state in which PD patients present at time of study commencement. Any further
time off medication for PD patients would probably not be justifiable on ethical grounds.
Despite the universal use of this research method in PD research, it is possible that
after the wearing-off of medication (as evidenced by the return of symptoms of the disease)
dopaminergic medications still have some residual effects that would require a longer
withdrawal time to attenuate. Thus, when interpreting our results in the off medication state,
it is important to note that this may be influenced by a lingering effect of L-dopa and not
representative of brain function of a non-treated PD patient. The recruitment of non-treated
PD subjects might provide a reasonable control group for future studies, however this may
be a difficult recruiting strategy to achieve as the majority of patients begin prompt therapy
upon diagnosis due to the impact of the symptoms.
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5.4.3

Visual contrast sensitivity

A potential limitation of this thesis is that we did not measure differences in visual
contrast sensitivity between dyskinetic and non-dyskinetic subjects, though they have been
shown to occur in PD (Mestre et al., 1990; Hutton et al., 1993). However, we specifically
designed our visually guided tracking task to modulate visual ambiguity without using
differences in contrast, such as blurring of the visual target as has been used in other studies
(Kording & Wolpert, 2004; Wei & Kording, 2010). Furthermore, we don’t suspect that
visual contrast significantly differed between PD sub-groups, as RMS tracking performance
did not significantly differ between dyskinetic and non-dyskinetic groups during nonambiguous tracking conditions. As we did not alter the contrast of our tracking task from the
non-ambiguous to ambiguous conditions, we believe it is unlikely differences in contrast
sensitivity existed between PD sub-groups, and furthermore that if differences existed that
they impacted our results. Nonetheless, future studies examining dyskinetic and nondyskinetic subjects may consider measuring this parameter (see Future directions).
5.5

Future directions

The results of this thesis demonstrate susceptibility to visual uncertainty in PD, and
suggest that cerebellar dysfunction may be a significant contributor to the pathophysiology
of LID. A future direction from this work is to examine the behavioural results demonstrated
in this thesis in conjunction with imaging of cerebellar activity. For instance, it would be of
great interest to determine if cerebellar activity is correlated with parkinsonian motor
performance during the ambiguous tracking conditions of our task, and furthermore if
reduced damping demonstrated in dyskinetic subjects correlates with cerebellar activity from
fMRI. Studying dyskinetic subjects with imaging is difficult as the involuntary movements
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of LID create large head motion that may preclude the use of fMRI. However, as the results
of this thesis demonstrate abnormalities in the off medication state in dyskinetic PD subjects,
imaging these subjects even when LID are not apparent may prove insightful into the
pathophysiology of LID.
We have elucidated differences in the motor response of dyskinetic and non-dyskinetic
PD subjects faced with ambiguous visual input, and we interpret these results as indicative of
a fundamental difference in the function of the cerebellum differentiating these two groups.
However, further questions remain as to whether these differences may cause or worsen the
involuntary movements of LID. The next step of this research is to quantify the effect of
ambiguous visual input during motor performance on the magnitude and severity of LID, and
to determine if the decay rate is correlated with LID scores. This would address the question
of whether reliance on ambiguous visual feedback may actually contribute to LID, in
addition to underlying differences in the motor system between dyskinetic and nondyskinetic subjects.
Further research examining the relative effects of ambiguous visual input versus
extraneous visual input on the motor performance of PD subjects is warranted. In our
tracking task the jitter of the target was random and too fast to accurately ascertain its actual
position, implying that the target’s position at any given moment had to be predicted. This
could be contrasted to a task where the target’s actual position is known, but extraneous
visual input is provided that may distract subjects’ response. For example, a target that
smoothly follows a Lissajous trajectory with an additional target superimposed with
ambiguous jitter, would faithfully provide the desired tracking position in addition to
providing distracting visual input that would need to be neglected. This could be contrasted
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to a task testing only ambiguous visual input, by having multiple targets simultaneously
provided with a variable distribution of the distance between them, analogous to a ‘swarm of
bees’. This type of experiment would further address the issue of reliance on visual feedback
due to excessive cueing versus inadequate predictive motor control.
Dyskinetic PD subjects were differentiated from non-dyskinetic subjects in this thesis
by decreased damping during visually guided tracking. A future direction of study is to
elucidate whether or not decreased damping ratios during motor performance could act as a
biomarker of LID. If it could be determined that reduced damping ratios accurately predict
which patients will develop LID, it would be of great interest to follow non-dyskinetic
subjects as the disease progresses to examine how their damping ratio changes over time. It
may be that a significantly reduced damping ratio in non-dyskinetic subjects predicts the
development of LID in the near future, knowledge of which would be of great clinical
importance.
Investigation into the relationship between contrast sensitivity and ambiguous visual
feedback in PD is warranted. For instance, reduced visual contrast in PD (Bulens et al., 1987;
Mestre et al., 1990; Jones et al., 1992; Hutton et al., 1993) may impart ambiguity to the
perception of normally non-ambiguous visual cues in everyday life. However, contrast
sensitivity is a function of spatial frequency (Hutton et al., 1993), and evidence suggests
greater deficits in contrast sensitivity exist at higher spatial frequencies in PD (Mestre et al.,
1990; Jones et al., 1992). Motion discrimination can also be affected in PD (Trick et al.,
1994), and is dependent on contrast such that lower contrast visual stimuli appear slower
(Stone & Thompson, 1992). Therefore, in order to probe possible differences in visual
contrast sensitivity between dyskinetic and non-dyskinetic PD subjects, a future direction of
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study is to manipulate the contrast, velocity and spatial frequency of a visual target during
visually guided tracking. A first step to this research direction is to generate normative data
on differences in the interaction of visual contrast sensitivity, spatial frequency and motion
perception between dyskinetic and non-dyskinetic PD subjects. Rather than using contrast
sensitivity charts, a computer program to sensitively test the dependent interactions between
these parameters may prove highly informative.
As our work suggest that forward models may be compromised in PD, future studies
using paradigms specifically designed to test the use of forward models and state estimation
in PD would be highly anticipated. For example, reaching tasks using TMS to the cerebellum
during arm movement, but before directed movement to a target, have provided intriguing
results in healthy human subjects (Miall et al., 2007). Subjects produced reaches that were
138 ms out of date when TMS was delivered when the hand was already in motion but not
when it was stationary, indicating out of date state estimation that was reliant on feedback
rather than predictive forward models. The use of such techniques in a PD population could
provide further detailed accounts of forward modeling and state estimation in PD.
This thesis demonstrates that LDS models are a useful and sensitive method with
which to quantify motor performance in PD. As such, a future direction is to probe the
Kalman gain parameter that can be obtained from LDS models, as this may provide a direct
quantification of the weight attributed to the sensory discrepancy between the actual and
predicted sensory feedback. Kalman filtering has been applied in motor control studies using
healthy human subjects (Wolpert et al., 1995; Baddeley et al., 2003), but not in studies
examining motor performance in PD, and thus may prove to be an informative research
direction.
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