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process, we extract the size, shape, and location of a coffee cup, informing our motor

system of the appropriate movement.

While the previous paragraph describes the well-known geniculostriate pathway, from
retina to visual cortex, multiple “secondary” or extrageniculate visual pathways bypassing
visual cortex also aid in reaching and grasping. Leaving the retina, direct projections to the
superior colliculus, konio- cellular layers of the LGN, and pulvinar, are thought to
contribute to reach and grasp behaviors, present in clinical populations who lack all or part
of their visual cortex (Danckert and Rossetti, 2005; Fox et al., 2020; Danckert et al., 2021).
Furthermore, these pathways are not only relevant in clinical populations, a visual pathway
through pulvinar is paramount in establishing reach and grasp behaviors in young non-
human primates, and when ablated its absence leads to permanent reaching and grasping
deficits through life (Mundinano et al., 2018). The function of such secondary pathways

across the lifespan remains under investigation.

During a typical reaching movement, a reach is also under the control of multiple
descending motor tracts (Lawrence and Kuypers, 1968a, 1968b). When performing a
visually-guided reach towards a coffee cup, such purposive and ‘volitional’ movements
across multiple joints rely on neural areas extending from the cerebellum (Prevosto et al.,
2010), to motor and premotor areas, with motor information ultimately relayed via
corticospinal tracts (Dum and Strick, 1996). However, it has long been recognized that the
corticospinal tracts do not operate in isolation, but rather, in conjunction with other
descending motor pathways (Lemon, 2008). For example, when we reach for our coffee
cup, we might want to adjust our posture, including our back muscles, to ensure we do not
topple with different arm configurations and added loads of a coffee cup, functions
attributed most often to descending ventromedial brainstem tracts (for review: Lemon,
2008). Further, we might use bottom-up sensory feedback from multiple modalities to
modify these processes (Scott, 2016), which adds complexity to the ways such descending

tracts might interact.

What if our coffee cup were to fall, and we are required to perform an almost ‘reflexive’

movement to catch our cup before it hits the ground? Such movements require rapid



identification of the visual stimulus, ultimately conveyed to motor neurons, at latencies
which approach minimum afferent and efferent conduction delays. In such scenarios,
research has shown that effectors such as the eye and head have systems in place allowing
us to rapidly orient towards a novel stimulus of interest. For example, extremely rapid eye
movements, termed express saccades, are known to rely on the superior colliculus (SC;
Dorris et al., 1997), which conveys rapid orienting information via tecto-spinal, or tecto-
reticulo-spinal tracts (for review: Corneil and Munoz, 2014). Although such systems are
better understood in gaze, the neural areas and descending motor tracts used for rapid
reaching remain debated (Day and Brown, 2001; Gomi, 2008; Gaveau et al., 2014;
Archambault et al., 2015; Pruszynski et al., 2016).

Taken together, this creates a multitude of ways vision may enter and motor information
may exit the brain. One area which requires more work is understanding the absolute
minimum latency of visuomotor transformation during reaching; what is the shortest
latency possible to get information from the eye to the upper limb? Furthermore, while it
is one thing to define and study such visuomaotor circuits, it is entirely another to understand
how these things work together so seamlessly in day-to-day living. The remainder of this
introduction will review the literature investigating how rapidly can the brain transform
vision into action during visually guided reaching. To do this, the following sections
consider behavioural and physiological evidence of rapid visually guided reaching, and
then address the potential neural areas responsible for such behaviors.

1.2 Rapid limb movements approaching minimal

conduction delays

To begin the discussion of rapid visuomotor transformation, this introduction first
considers rapid behavior in response to visual targets. Here, evidence suggests that rapid
visually guided reaching, such as online corrections to displaced targets, appear to operate

under a different set of principals than that of volitional visually guided reaching.



1.2.1 Features of online corrective behaviour

Often in day-to-day living, we correct ongoing reaching movements in response to either
self-generated error (we make a mistake when reaching), or due to updated visual
information regarding a target (e.g.- a target changes position). In typical visually guided
reaching movements, simple reach reaction time (RT; the time to initiate a movement) to
a visual stimulus is generally accepted to be ~200-300 ms (e.g., Woods et al., 2015).
However, nearly 50 years ago it was demonstrated that when participants make errors, the
latencies of subsequent arm movements in response to these errors are far shorter than what
would be expected (Rabbitt, 1966, 1968; Higgins and Angel, 1970), the secondary
movement correcting the internal error can range anywhere from 30-150 ms (Cooke and
Diggles, 1984).

Experimentally, it need not simply be an internally generated error which produces rapid
movement, it may also be rapid updating of visual information during reaching movements.
In double step experiments originally developed to investigate oculomotor behaviour
(Hallett and Lightstone, 1976), a target may be displaced shortly before or after movement
initiation, which evokes a reach correction by the participant to the new displaced target.
New visual information has been shown to alter upper limb movement at approximate
latencies of 125 ms (Soechting and Lacquaniti, 1983; Paulignan et al., 1990, 1991; Prablanc
and Martin, 1992; Day and Lyon, 2000; Pruszynski et al., 2016). However, the latency of
this rapid correction depends on the visual features of the displaced target; visual features
such as luminance, contrast and size of a target evoke the most rapid corrections, while
attributes such as color, form and texture evoke corrections by an average of 50 ms later
(Veerman et al., 2008). Taken together, these findings indicate that visuomotor processing
in response to a displaced visual target can occur more rapidly than a typical reaching
movement, however, the latency of the correction depends on the visual attributes of the

target.

Such short latency rapid movements may also occur without conscious awareness, as a
subject need not perceptually detect a target displacement in order to respond to it (Pélisson
et al., 1986; Prablanc and Martin, 1992; Johnson and Haggard, 2005). Conversely, rather

than the entire reach occurring as a largely automatic process, a study by Day and Lyon



(2000) has suggested that rapid online corrections occur in two distinct phases; an early
automatic response (125-160 ms), or a later modifiable response (>160 ms) (Day and Lyon,
2000). In this study, Day and Lyon presented participants with a target which they were
instructed to reach towards, however, on one third of trials, the target jumped after the
finger left the touch plate. Participants were instructed to perform a reach either towards
this target, or away from the target, requiring an online correction. The scenarios where
participants were required to reach away from the target revealed that the early phase of
the reaching movement was highly automatic and not modified by participants’ intention;
the hand followed the direction of the target shift even when participants were told to move
away from the target. This stands in contrast to the later phase of movement (>160 ms),
where the direction of the movement reflected the participants’ intention. Together, these
observations suggest that there are at least two phases during online corrective reaches; an
early, reflexive phase, followed by a later volitional phase. However, it is unclear whether

these phases arise from a single, or distinct neural mechanisms.

So far, the introduction of this thesis demonstrates that online corrections: 1) occur at
shorter latencies than volitional movement 2) Rely on attributes of the visual target such
as contrast but not colour 3) contain at least two distinct phases. If rapid reaches have
different properties than typical volitional movement, then do they also rely on different

neural areas?

1.2.2  Rapid reaching behavior in clinical populations

While significant debate exists regarding the relative involvement of subcortical or cortical
structures involved in rapid visually-guided reaches (Gomi, 2008; Gaveau et al., 2014;
Archambault et al., 2015), another way to gain insight might arise from rapid reaches, or
lack thereof, in clinical populations with ascribed neural lesions.

The term ‘blindsight’ was first coined in 1974 (Sanders et al., 1974) and refers to patients
with loss of function in all or part of primary visual cortex (V1), who are still capable of

responding to objects in their otherwise blind field. Although the term was coined in 1974,



there is a long history of clinical reports where patients can respond to light (Bard, 1905),
or moving objects (Riddoch’s phenomenon; Riddoch, 1917), despite damage to visual
cortex (V1). Numerous taxonomies of blindsight have been proposed, with a wide variety
of preserved behaviors ranging from saccades to semantic priming in the otherwise blind
field (Weiskrantz, 1998; De Gelder et al., 1999; Danckert and Rossetti, 2005). Of interest,
blindsight patients show preserved abilities related to pointing (Danckert et al., 2003), and
saccades (Werth, 1984), the preservation of the latter has implicated the subcortical
superior colliculus as mediating these preserved responses, given its role in eye movements
(e.g., Danckert and Rossetti, 2005).

The phenomenon of blindsight is not without its opponents, however, stating that such
abilities might be due to sparing of “islands” of visual activity in V1 (Gazzaniga et al.,
1994). This account was later discounted with functional magnetic resonance imaging
(FMRI) on patient G.Y. (Baseler et al., 1999), who demonstrated profound V1 impairment.
The patient in this study, patient G.Y., is likely the most studied blindsight patient, having
suffered V1 damage at the age of seven after a car accident (Barbur et al., 1993). G.Y.
exhibited a swathe of preserved abilities, for example, reach-to-grasp movements (Jackson,
1999). The broad range of G.Y.s preserved abilities likely relate to the young age the
trauma was suffered, as the substrates which mediate blindsight are likely age dependent
(Fox et al., 2020). Many subcortical and cortical neural areas have been implicated in
blindsight, the most prominent include middle temporal (MT), posterior parietal cortex
(PPC), and superior colliculus (SC) (e.g., Striemer et al., 2019). As stated by Danckert and
colleagues in 2021, the implications for blindsight seem to indicate that multiple visual
pathways can influence behaviour, and do not all need to traverse cortical areas such as
V1, however, the function of these pathways is not well understood. One possibility put
forth is that such representations might be suitable for low-resolution rapid responding,

such as obstacle avoidance or intercepting a baseball (Danckert et al., 2021).

Supporting the proposition that the most rapid adjustments of the upper limb are not
cortically mediated, clinical data suggests that communication across the hemispheres is
not necessary for online corrections (acallosal patient; Day and Brown, 2001) or pointing

behaviors (hemidecorticate patients; Perenin and Jeannerod, 1975; Ptito et al., 1991). Day



and Brown (2001) examined online corrections in a patient with a complete agenesis of the
corpus callosum, a structure which connects left and right cortical hemispheres. In healthy
participants, visual information presented in one visual hemifield is processed in the
contralateral visual cortex, with each arm controlled via contralateral motor cortex. This
indicates that if an arm being used to reach for a target, and a target, were on the same side,
all processing would occur within one hemisphere (uncrossed). Whereas if the arm being
used was opposite of the target, interhemispheric transfer across the cortical hemispheres
was required (crossed). Day and Brown (2001) reasoned that uncrossed, and crossed
reaches would produce different latency adjustments in an acallosal patient dependent on
whether interhemispheric communication was necessary. As expected, the patient
experienced significant crossed-uncrossed reaction time differences for simple reaction
time tasks (~35 ms), which were not present in healthy controls. However, rapid online
corrections to displaced visual targets were not affected and occurred at ~120 ms regardless
of visual hemifield, target jump direction, or which hand was used. Additionally, these
results could not be explained by ipsilateral corticospinal projections as the researchers
applied transcranial magnetic stimulation (TMS) over the ipsilateral motor cortex. These
findings suggest that subcortical structures are involved in the fastest adjustments of upper

limbs to displaced targets.

In stark contrast, other clinical data suggests that cortical contribution is required for rapid
online corrections. Work from Optic ataxia patients, where damage occurs to the posterior
parietal cortex (PPC), suggests that the PPC is required for online corrections. Pisella and
colleagues demonstrated that during an online correction task, the studied optic ataxia
patient with bilateral PPC damage could only make slow, deliberate movements and was
generally impaired at rapid online corrections (Pisella et al., 2000). This led to the proposal
that online control is a specific function of the PPC, which is part of the dorsal stream
related to vision for action, and is thought to receive visual input from V1. Thus, this work

suggests that both PPC and V1 are required for online corrections.

But how do we reconcile that cortical areas are both required (PPC patient), and not
required (blindsight, hemidecorticate, acallosal patients) for online corrections? A few

possible explanations might be put forth to mitigate these ostensibly conflicting



observations. Firstly, as stated previously with blindsight patients, multiple visual
pathways can influence behaviour via cortical regions without the need for V1 (Danckert
and Rossetti, 2005). This indicates that some cortical areas (PPC) might be involved in
online corrections, but does not necessitate that such visual information is inherited from
V1. In support of this, PPC has been shown to receive visual information from areas
including the pulvinar and superior colliculus (Clower et al., 2001; Kaas and Lyon, 2007;
Mundinano et al., 2018; Kinoshita et al., 2019), bypassing visual cortex. However, the
precise function of these pathways in clinical populations remains under investigation.
Secondly, as previously shown by Day and Lyon (2000), online corrections contain at least
two phases, an early automatic (125-160 ms), and a late modifiable (>160 ms) (Day and
Lyon, 2000). As stated by Day and Lyon (2000), it is unclear whether each phase is
generated by separate (Dual pathway hypothesis), or a single visuomotor process. Recent
proposals by Gomi (2008) suggest the former, whereby multiple online correction
mechanisms govern reaching behaviour, with complex interactions between low level and
high level controls (Gomi, 2008). While low level controls such as short latency
visuomotor responses, have short latency RT advantages, such controls are insufficient to

fully mediate our complex motor systems.

Research on Parkinson’s Disease (PD) supports Day and Lyon’s (2000) dual pathway
hypothesis, that early/reflexive phases of a reaching movement are controlled by separate
neural areas than those in the late/voluntary phase. PD is a progressive and devastating
neurological disorder, where patients exhibit profound voluntary motor impairments.
Volitional movement deficits (bradykinesia, hypokinesia, and prolonged simple reaction
times) have been well documented in PD (summarized in: Berardelli, 2001). These deficits
are inexorably linked to the degradation of dopamine producing neurons in the Substantia
Nigra pars compacta (SNpc), an area in the basal ganglia (reviewed in: Hornykiewicz,
2006). Dopaminergic (DA) medication is often given to patients to restore this function to
the striatum and aid in volitional movement deficits. Although PD patients demonstrate
voluntary motor impairment, remarkably, a growing body of evidence suggests that PD
patients retain rapid, stimulus-driven movements of either the eyes (Vidailhet and Rivaud-
Péchoux, 2000; Briand et al., 2001; Terao et al., 2013; Fooken et al., 2022), or upper limbs
(Majsak, 1998). Additionally, PD patients exhibit preserved short latency eye movements



termed express saccades (Roll et al., 1996; Chan et al., 2005; Cubizolle et al., 2014), and
online reach corrections (Desmurget, 2004; Merritt et al., 2017). The two lone studies
investigating online corrections in PD demonstrate that patients are capable of performing
online corrections comparably to healthy controls, provided the visual target is displaced
early enough in the trial (during the initial orienting saccade; Desmurget, 2004 (Experiment
1); Merritt et al., 2017), but not if the target is displaced too late (hand movement onset;
Desmurget, 2004 (Experiment 2)). Additionally, in both express saccades, and online
corrections, such rapid and short latency movement has also been shown to be insensitive
to DA (Cubizolle et al., 2014; Merritt et al., 2017), which is a necessity for the dorsal
striatum involved in the volitional control of movement. Together, these findings suggest
that the neural substrates degraded in PD (SNpc, DA), are separate from those mediating

rapid visuomotor responses.

So far, the first section of this thesis has provided evidence that online corrections follow
a different set of principals than that of volitional visually guided reaching. Further, based
on data from clinical populations with ascribed neural lesions, such rapid reaches also
appear to rely on different neural substrates than volitional movement. Next, we explore
physiological evidence (electromyography; EMG) of rapid reaching, and the associated

neural areas.

1.3 Rapid electromyographic limb changes precede rapid

limb movement, and the implicated neural substrates

Prior to active limb movement, there must be changes in neuromuscular activity.
Electromyography (EMG) measures the sum field potential of a muscle, and precedes
upper limb movement by as much as 50 ms (Cooke and Diggles, 1984); thus EMG serves
as a physiological readout of the underlying neural processes which contribute to
behaviour, including that of online corrections. Given that clinical reports from PD patients

support Day and Lyons proposal that early (125-160 ms) and late (>160 ms) phases of an
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online correction might arise from two distinct processes, is there evidence of such dual

pathways present in EMG?

Unfortunately, there is practical difficulty when measuring EMG during online corrections,
namely that EMG related to ongoing volitional movement occurs concurrently with that of
rapid online corrections. Of the studies which undertook this challenge, changes in human
upper limb muscles occur as early as 75 ms after a target jump (Fautrelle et al., 2010),
providing evidence that a rapid neural pathway connects visual input to motor output.
Fortunately, Day and Lyon included two experiments in their 2000 paper, one being the
online correction task, and one being a tracking task; the latter is where participants were
required to initiate reaches from a stationary arm position, with the hand held at the
approximate location of the online correction. In this secondary experiment, it was found
that in addition to occurring during online corrective reaches, similar classes of early and
late responses were also observed during reaches initiated from a stationary start position,
however, the early more automatic response was much weaker during reaches initiated
from a stationary position (Day and Lyon, 2000). This suggests that if dual pathways are
present in EMG, these should arise regardless of whether the arm was stationary or moving

(online correction) at the time of target onset.

1.3.1  The Stimulus-locked response (SLR): a biomarker for rapid
visuomotor transformation

In 2004, Corneil and colleagues described an intriguing EMG recruitment profile on the
neck of non-human primates (Corneil et al., 2004). The researchers noted two distinct
bursts of EMG activity; one being aligned to movement onset, and preceding this one being
aligned to stimulus onset. On a trial-by-trial basis, this stimulus-locked EMG appeared at
extremely short latencies (55-95 ms), and occurred at the same time every trial, regardless
of when movement was detected. In 2010, Pruszynski and colleagues demonstrated a
similar pattern of EMG activity on human upper limb muscles during visually guided
reaching. Here, a distinct stimulus-aligned (80-120 ms), and second movement-aligned

burst was found (Pruszynski et al., 2010). The first burst of EMG aligned to stimulus onset
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was termed the Stimulus-locked response (SLR), however, more recent work has referred
to SLRs by other names (Rapid Visuomotor Response; Glover and Baker, 2019; Express
Response; Contemori et al., 2021; Rapid Adaptive Behaviour; Novembre and lannetti,
2021).

Many features of the SLR bear striking resemblance to those observed during the early
phase of online reach corrections. In anti- reach conditions where participants are required
to reach away from a target, recall that Day and Lyon (2000) found that the early phase
(125-160) of the reaching behaviour was largely reflexive, as the hand followed the
direction of the target shift regardless of the participants’ intention; this is followed by a
later phase of reaching movement reflective of the participants’ intention (Day and Lyon,
2000). Similarly, during anti-reaches, SLRs are also drawn towards the location of the
stimulus, followed by later volitional EMG reflecting the participants’ instruction to move
away from a target (Gu et al., 2016). In Gu and colleagues’ 2016 paper, these separate
signatures of EMG recruitment for early (SLR) versus later phases were present on the
upper limb during reaches initiated from a stationary arm position, supporting Day and
Lyons’ (2000) previous proposal of dual pathways being present whether the reach was

initiated from a stationary or moving arm position.

1.3.2  Express Saccades

Clues regarding the neural origin of SLRs came from the additional observation that if
detected, SLRs on primate neck muscles occurred at similar latencies as express saccades
(Corneil et al., 2004). Generally, upper limb or eye RTs occurring at 200-300 ms, are far
longer than what might be expected on the basis of neural transmission alone, from sensory
receptor to motor effector (Luce, 1991; Carpenter, 1999). However, express saccades
approach minimum sensory-motor conduction delays between the retina and eye muscles,
and as such are considered one of the fastest possible eye movements. RTs for visually
guided saccades are accepted to be approximately 150-350 ms (Carpenter, 1988); whereas
express saccades occur at much shorter latencies (80-120 ms in humans) (Fischer and
Weber, 1993).
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Throughout this thesis, the occurrence of express saccades has been linked to the
occurrence of the early phase of online corrections or SLRs. For example, in PD patients
with volitional movement deficits, both express saccades and online corrections are
preserved and insensitive to DA (Cubizolle et al., 2014; Merritt et al., 2017). Express
saccades, online corrections, and SLRs, also all share common features in that; 1) they all
occur at extremely short latencies approaching minimum afferent and efferent conduction
delays for the respective effector (express saccades 80-120 ms: Fischer and Weber, 1993);
(SLRs 80-120 ms Pruszynski et al., 2010); (online correction 125-160 ms Day and Lyon,
2000), 2) are drawn to the spatial location of the visual stimulus (express saccades: Paré
and Munoz, 1996); (SLRs: Gu et al., 2016); (online corrections: Day and Lyon, 2000), and
finally, 3) are all dependent on visual attributes such as contrast (express saccade: Marino
et al.,, 2015), (SLR: Wood et al.,, 2015), (online correction: Veerman et al., 2008).
Additionally, more recent work has even renamed SLRs to express responses, to highlight
the similarities to express saccades (Contemori et al., 2021; Kearsley et al., 2022). These
separate observations suggest that a common neural substrate might mediate express
saccades, SLRs, and by extension, the early phase of online corrections.

Unlike SLRs and online corrections, where the neural correlates remain under debate,
express saccades are known to rely on the superior colliculus (SC; Dorris et al., 1997), and

are eliminated when the SC is inactivated (Schiller et al., 1987).

1.3.3  The Superior colliculus (SC): Structure and function

The SC is a laminar structure functionally divided into superficial (SCs), intermediate
(SCi), and deep (SCd) layers, although these layers might be further anatomically divided
(for review see: May, 2006). The SC (or tectum in non-mammalian vertebrates) is
evolutionarily conserved, yet custom fit for the sensory modalities of each lineage, with its
role shifting with the evolution of the cerebral cortex (Isa et al., 2021). In primates, the SC
acts as a ‘hub’ of information both sending and receiving information to and from multiple
cortical and subcortical areas, with each layer generally specialized for visual, motor, or

visuomotor information. The superficial SC is visual in nature, primarily receiving
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information from the retina. From here, visual information progresses to other cortical, and
subcortical areas, as well as deeper layers of the SC. Such pathways have been suggested
to mediate the preserved visual abilities in blindsight (for review see: Fox et al., 2020).
Below the SCs, the SCi is visuomotor in nature, with neurons responding to both visual
input and motor output; the motor map in the SCi corresponds to the visual one laying
above it in the SCs (Sparks and Mays, 1981). Finally, the SCd is primarily motor in nature,
and is related to multiple effectors including eyes, head, neck, upper limb, pinnae, and
whisker movements (for review of SC motor functions see: Gandhi and Katnani, 2011).
Functionally, the SCi/d are sometimes lumped together, as they are more similar to each
other than the SCs.

The neurophysiological events within the SC during saccades and express saccade are
known. During typical visually guided saccades, separate visual and motor bursts of
activity precede an eye movement (Sparks and Hartwich-Young, 1989); whereas during an
express saccade, these visual and motor bursts in the SCi/d, are unified into a single
response (Sparks et al., 2000), blurring the lines between vision and action. However, there
is less than a clear consensus regarding how visual information gets to the SC for express
saccades. One way visual information might progress is directly from superficial to deep
layers of the SC, as there are direct interlaminar anatomical connections in non-human
primates (Moschovakis et al., 1988), which has been suggested to be the disynaptic
pathway from retina to tectospinal neurons (Maeda et al., 1979). However, another way
that visual information might progress is through V1; as inactivating either magnocellular
layers in the LGN or V1 reduced or eliminated SCi/d activity, but not SCs (Schiller et al.,
1979).

Evidence from clinical populations seems to suggest that V1 is not directly involved in
rapid eye movements, but might be required, rather, for baseline activity in healthy
populations. For example, patients with injury to all or part of V1, are still capable of
making saccades (Werth, 1984), and express saccades (Reuter-Lorenz et al., 2011) to the
otherwise blind field, the presence of such has been suggested to rely on an SC to pulvinar
pathway (Kinoshita et al., 2019). One possibility for reconciling these observations might

include that in healthy populations, V1 is required for baseline activity in SC. Such
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proposals are in line with observations from other cortical areas projecting to the SC,
whereby inactivation of the frontal eye fields (FEF) results in lowered ipsilesional SCi
activity and delayed saccadic reaction time (Peel et al., 2017). However, the contribution
of the SC to preserved behavior in clinical populations remains an area of active research.

1.3.4  Neural candidates mediating SLRs

The SC is a structure known to be involved in the generation of express saccades (Dorris
et al., 1997), but has received significantly less attention for its descending projections to
neck and upper limb muscles (Grantyn and Grantyn, 1982). Signatures of short latency
muscle activity have been detected on both upper limb and head turner muscles, occurring
even prior to eye movements in both human and non-human primates (Zangemeister and
Stark, 1982; Gribble et al., 2002; Corneil et al., 2004). Such “orienting responses” towards
novel visual stimuli at short latencies allows an organism to rapidly redirect both gaze and
posture; orchestrated, at least in part via SC, and mediated via tecto-reticulospinal tract (for
review see: Corneil and Munoz, 2014). Neurophysiological data supports this anatomical
connection, whereby responses in SC neurons have also been shown to correlate with upper
limb, neck muscle, and reticular formation activity (Werner et al., 1997a, 1997b; Stuphorn
et al., 1999; Corneil et al., 2002; Rezvani and Corneil, 2008), suggesting a causal role of
the SC in upper body orienting behaviour. Additionally, previous work has shown that the
latency of EMG on the upper limb and saccade onset are correlated, suggesting that both
eye and arm movement initiation were linked (Gribble et al., 2002). Together, this evidence
suggests that the tecto-reticulospinal tract is involved in rapid orienting responses of the

upper body, potentially including the rapid generation of SLRs.

1.3.5 Visual responses in the SC

So, what targets have been shown to evoke strong SC responses? Leaving the retina, retinal
ganglion cells (RGCs) carry various types of visual information to numerous parts of the

brain. A plethora of RGC types have been discovered in primate retina projecting to the
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lateral geniculate nucleus (LGN) (Dacey et al., 2003, 2005). The majority of these
projecting RGC types (>80%) are classified as either parvo-(P), magno-(M), or konio-(K)
cellular, which carry different types of visual information (for review see: Field and
Chichilnisky, 2007). In the broadest sense, P cells have been proposed to convey
information about small, slow, colorful things (high spatial frequency, low temporal, high
resolution), while M cells convey information about large and fast things (low spatial
frequency, high temporal frequency) (Merigan and Maunsell, 1993). The more recently
discovered K cell appears to lie somewhere between that of M and P cells, with less defined
response properties (Hendry and Reid, 2000). Aside from the M-, P-, and K- layers of the
LGN, retinal projections also target subcortical structures including the SC and pulvinar

which are both implicated in the phenomenon of blindsight (Fox et al., 2020).

Anatomically, retinal projections to the SC primarily distribute to the upper visual layers
with complex patterns from both contralateral and ipsilateral retina in non-human primates
(Pollack and Hickey, 1979). Previous literature suggests that the primary RGC types
projecting to the SC include M cells (response properties relating to large fast objects) and
K cells (intermediate between M and P response properties) in non-human primates
(Marrocco, 1978), however, the SC displays additional complex properties not easily
defined by one RGC type (Marrocco and Li, 1977; White et al., 2009). Experimentally,
targets aligning with M cells evoke shorter latency and/or larger magnitude responses in
the SC; such targets include low spatial frequency (Chen et al., 2018), high contrast
(Marino et al., 2012, 2015), suddenly appearing or fast moving targets (Marrocco and Li,
1977), and luminance based information (White et al., 2009). While most of the studies
have examined such visual responses in superficial layers of the SC, work has
demonstrated that slower moving (3-38 degrees per second), and high contrast targets also
evoke robust responses in deeper layers containing visuomotor neurons and are more likely
to evoke limb movement (Marrocco and Li, 1977; Marino et al., 2015). Beyond the low
level visual stimuli, recent advances have demonstrated that the SC has rapid access to
more complex forms of visual information such as faces and predators (Bogadhi and Hafed,
2022), preferring real over scrambled forms regardless of task relevance (Bogadhi et al.,
2020). If the SLR is mediated via SC, targets evoking robust responses in the SC, should

also evoke robust SLR responses.
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In contrast to the evidence provided throughout this thesis, some research has suggested
that the SC is not involved in upper limb movements. Through SC inactivation, Song and
colleagues did not find an effect on ensuing RT during visually guided reaching. However,
these results may be from the use of suboptimal targets (low contrast targets: Song et al.,
2011) or suboptimal paradigms (Song and McPeek, 2015). It is unknown what effect SC
inactivation would have on rapid upper limb movements with the use of optimal paradigms
and targets aligning with SC responsiveness (e.g.- low spatial frequency, high contrast,
moving targets).

1.3.6  Optimal paradigms for evoking rapid visuomotor responses

Aside from the attributes of the visual stimulus, the specifications of the paradigm also
have impact on the elicitation of robust, rapid responses. For example, in tasks where visual
targets or auditory cues indicate an imminent upcoming movement is required, SC neurons
will increase their contrast sensitivity to subsequent targets (Li and Basso, 2008), and SLRs
are more likely to be present than when a delay occurs (Wood et al., 2015). Furthermore,
preparatory auditory cues prior to a reach can elicit extremely short latency RTs for reaches
initiated from a stationary arm position, at latencies comparable to that of online
corrections (130 ms: Haith et al., 2016). Upcoming preparatory signals do not have to be
far in advanced to modify motor systems; as extinguishing a central fixation target as little
as 200 ms prior to target onset has shown to hasten arm movements in gap paradigms
(Gribble et al., 2002). These observations indicate that preparatory cues can influence
sensory responses to subsequent stimuli, and that the fastest possible movements require

knowledge of upcoming imminent movement.

SLRs, RTs, and SC activity is more likely to be short latency if additional auditory or visual
preparatory cues indicate an imminent upcoming movement. So, what combination of
targets and paradigms might be able to reliably evoke tecto-reticulospinal activity during
visually guided reaching? It might be the case that when studying rapid motor activity
arising from a tecto-reticulospinal tract, targets which align with response properties from

the SC, should be used. These include low spatial frequency (Chen et al., 2018), high
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contrast (Marino et al., 2015), suddenly appearing or moving targets (Marrocco and L.i,
1977), in a paradigm where preparatory signals indicate an upcoming movement is

imperative (Li and Basso, 2008).

1.4 Thesis objectives

The hypothesis of my thesis is that the SLR, and by extension, the early phase of the
online reach correction, is mediated in part via the SC. This hypothesis would predict
that SLRs are present during online corrections and are correlated to ensuing reaction time
of the online correction. Additionally, this would predict that stimuli which evoke robust
SC responses (low spatial frequency, high contrast, fast moving targets), also evoke robust
(short latency and large magnitude) SLRs. Furthermore, this theory would suggest that
SLRs are present in clinical populations who can perform online reach corrections, such as
those with Parkinson’s Disease. To test the presence and sensitivity of the proposed
pathway, our investigations were conducted in human participants as they reached towards

visual targets presented in the Kinarm robot (Kinarm, Kingston, Ontario).

1.4.1  SLRsinitiated from stationary and dynamic arm positions in
response to targets varied by varied spatial frequency

Previous work has shown that the latency of an online rapid correction depends on the
visual features of the displaced target; visual features such as luminance, contrast and size
of a target evoke the most rapid corrections, while attributes such as color, form and texture
evoke corrections by an average of 50 ms later (Veerman et al., 2008). These results
demonstrate that the latency of an online correction depends on the visual attributes of a
target. It has been suggested that the initial phase of an online correction shares many
properties with SLRs, and as such, this would suggest that both SLRs and online
corrections would be sensitive to similar visual targets. Chen and colleagues have
demonstrated that the superficial and intermediate layers of the SC are the most sensitive
to spatial frequencies at .56 to 1.11 cycles per degree (Chen et al., 2018). If the SC, SLRs
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and online corrections are linked, we would predict that all three respond to similar low
spatial frequencies (<1.11 cpd) and are less sensitive to higher spatial frequencies
(>1.11cpd). Chapter 2 therefore investigates SLRs during reaches initiated from both
stationary arm position or online correction, in response to suddenly appearing stationary

targets composed of systematically varied spatial frequencies.

1.4.2 A paradigm to evoke rapid visuomotor responses

Previous studies evoking the SLR have not been able to unambiguously evoke responses
in all participants (0-80%), despite the use of invasive intramuscular muscle recording
techniques (Pruszynski et al., 2010; Wood et al., 2015; Gu et al., 2016). Research has
shown that high contrast, moving targets evoke robust responses in intermediate layers of
the SC (Marrocco and Li, 1977; Marino et al., 2015). Furthermore, when an upcoming
signal is used to indicate a movement is required, preparing to move increases sensitivity
to sensory responses (Li and Basso, 2008). Therefore, if the SC mediates SLRs, paradigms
which combine high contrast, moving targets, as well as cues that upcoming movements
are required (for example, the disappearance behind an occluder), should also increase the
detectability of SLRs. Here, to accomplish this task, Chapter 3 details the emerging target

paradigm as an improved method to evoke SLRs and short latency RTSs.

1.4.3  Targets varied by speed and contrast presented in an
emerging target paradigm

An additional benefit of this paradigm presented in chapter 3 is that it easily permits target
and timing modification. Previous literature has demonstrated that responses in the SC are
greater to high contrast, but not low contrast targets (Marino et al., 2012, 2015).
Furthermore, while superficial SC layers prefer high velocity targets (~+200 degrees per
second), deeper layers of the SC associated with limb movement (Philipp and Hoffmann,
2014), are more sensitive to slower speeds of targets (3-38 degrees per second) (Marrocco

and Li, 1977). This finding could be related to speeds of targets which the arm could
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interact with. If the SC mediates SLRs related to the initiation of movements, then targets
and paradigms which evoke robust SC responses, should also evoke short latency large
magnitude SLRs correlated to RT onset. Therefore, in Chapter 4, we systematically vary
and investigate target speed and contrast presented in the emerging target paradigm.

1.4.4  High contrast and fast-moving targets used to evoke SLRs in
patients with Parkinson’s Disease
In this thesis, chapters 2, 3, and 4 detail a combination of targets and paradigms used to
reliably evoke SLRs. In Chapter 5, we apply these findings to a clinical population. As
stated earlier, online corrections are preserved in clinical populations with a common
movement disorder, Parkinson’s disease (Experiment 1; Desmurget et al., 2004; Merritt et
al., 2017). Thus, it is likely that the neural substrates involved in SLRs, and rapid online
corrections are different than those recruited for volitional movement. If common neural
substrate(s) mediates both SLRs and the initial phase of the online reach correction, and
online corrections are preserved in Parkinson’s disease, then SLRs should also be preserved
in Parkinson’s patients. This would predict that moving, high contrast targets presented in
an emerging target paradigm will elicit robust SLR responses in Parkinson’s patients

correlated with RT onset.
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Figure 5-6: Mean kinematics

Parkinson’s (green) and Healthy control (purple) participants OFF medication (a,c)
or on medication (b,d) in pro (a,b) or anti (c,d) conditions. Data shown for both
leftward (positive distance) and rightward (negative distance) reaching movements (y
axis) and plotted from time aligned to stimulus onset (x axis). Each trace represents

the mean reach trajectories for one participant.

To allow for unbiased results, we have set liberal inclusion criteria, which has allowed us
to retain large amounts of reaching data (92% in HC, 88% in PD). However, the inclusion
of ‘MISS’ or ‘PARTIAL WRONG DIRECTION?” trials may have confounded our current
results. Therefore, we further examined RT, PV and MD based on single movement ‘HIT’

trials only, where participants initiated single movement reaches in the correct direction
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and hit a target correctly. When examining such trials, all current results for PV and MD
remained unchanged, as we continued to observe Group effects in Pro- reach conditions,
and Group and Medication effects in Anti- reach conditions, with no interactions.
Conversely, when examining RT, we observed even shorter latency RTs for PD patients in
both Pro- and Anti- conditions. In Pro- reach conditions, PD participants initiated reaches
faster than HCs (F(1,32) = 4.60, p = 0.039; HC OFF = 218 +/- 30, HC ON = 219 +/- 35,
PD OFF = 200+/- 14, PD ON = 200 +/- 11), with no main effect for Medication (F(1,32)
=0.03,p= 0.87) or Group x Medication interaction (F(1,32) =0.19,p= 0.66).
Furthermore, in Anti- reach conditions, PD patients approached significance for initiating
reaches sooner than HCs (F(1,32) = 3.74, p = 0.06; HC OFF = 274 +/- 43, HC ON = 273
+/- 41, PD OFF = 250+/- 20, PD ON = 254 +/- 20), with no main effect for Medication
(F(1,32) =0.29, p = 0.59) or interaction effects (F(1,32) = 1.41, p = 0.24).

Taken together, these results demonstrate that when visually-guided reaching is evoked in
the emerging target paradigm, disease and medication status have different effects on early
(RT) versus late (PV, MD) motor behaviour. We demonstrate that disease and medication
had no effect on the first phase of a reaching movement (RT), but did affect later movement
(MD, PV), especially in Anti- reach conditions. Furthermore, regardless of the stringent
inclusion criteria set for analyzing our results, PD patients initiated reaches comparably, or
sooner, than HCs. Next, we turn our attention to the ability of PD and HC participants to
complete the task, by examining the errors made during visually- guided reaches.

5.4.3 PD patients exhibit SLRs

PD patients exhibit comparable if not slightly expedited RTs, using our emerging target
paradigm, while simultaneously exhibiting degraded volitional movement (PV, MD) in
later parts of the reach. An additional benefit of the emerging target paradigm is that it
permits measurement of rapid EMG responses, such as the stimulus-locked responses
(SLRs), which represents the first phase of stimulus- driven muscle recruitment, occurring

even before RT onset. To better understand the reason for spared movement initiation in
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PD participants, we further investigated the latency, magnitude, and prevalence of SLRs in
both PD and HC participants.

Figure 5-7 demonstrates representative examples of SLRs in PD (Figure 5-7a) and HC
(Figure 5-7b) participants, both participants OFF medication, as they reached away from
left targets in the Anti-reach condition. Anti-reaches help illustrate SLRs, as they dissociate
early stimulus-driven EMG from later volitional activity that moves the arm in the opposite
but correct direction (Gu et al., 2016; Kozak et al., 2020). For successful completion of an
Anti-reach trial, pectoralis major EMG activity must decrease, indicated by colours
approaching blue, which allows for the appropriate movement away from a target. In
Figure 5-7, we present raster plots of pectoralis major EMG activity during multiple
visually-guided reaches, sorted by RT indicated by black dots. This figure shows that RTs
ranged from 150 to over 300 ms. Despite this variance, both groups of participants
exhibited clear time-locked increases in muscle activity at ~100 ms, denoted by asterisks
in Figure 5-7. This time-locked increase in muscle activity represents the SLR, which
appears well before the task-appropriate decrease in volitional muscle activity, and RT,

associated with moving the arm away from the target.

100

Sorted RT trials (#)

~ 100 200 300
Time aligned to stimulus onset (ms)

Figure 5-7: Representative participant raster plots
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Depicts EMG activity in anti- reaches for leftward targets. Healthy control
participant (a) and Parkinson’s disease patient (b) demonstrate trial-by-trial muscle
activity (increases in activity approaching yellow) for every reach sorted via RT (trial
number along y axis) and plotted against time aligned to stimulus onset (x axis). Both
participants are OFF Medication RT for each trial indicated with black dot, and SLR
epoch (80-120 ms) indicated via asterisk.

We first examined the prevalence of the SLR across participants, or the percentage of
participants who exhibited an SLR. As shown in Figure 5-8, in Pro-reaches, we detected
SLRs inall 16 (100%) PD patients. This is significantly greater than the proportion of
SLRs detected in HCs who showed SLRs ~80% of the time (GLMM; df = 1, x2 =5.73, p
=0.017), with no effect of Medication (GLMM; df = 1, x2 = 1.9e-6, p = 0.99) or Group X
Medication interaction (GLMM; df = 1, x2 = 1.9e-6, p = 0.99). Pro-reach conditions were
also more likely to elicit an SLR compared to Anti-reach conditions (Chi-squared: df =
1, x2=7.06, p=0.0079), indicating suppression of automatic responding for both HCs and
PDs. In Anti- reach conditions, we found no main effects of Group (GLMM; df = 1, x2 =
.015, p =.90), or Medication (GLMM; df = 1, x2 = .011, p = .92), but did find a Group X
Medication interaction (GLMM; df = 1,x2 = 26.46, p = .001), indicating DAergic

treatment increased detection of SLRs in HCs, but decreased SLRs detection in PDs.

Pro-Reaches Antl-Reaches

*
HC OFF +HCON

L | PD OFF +PDON

80
60 |
40t
20

Prevalence (%)

Figure 5-8: Fast visuomotor (SLR) response detection across the population

Same format as Figure 5-3. See methods for SLR detection criteria. Plotted as a

percentage of SLRs across the population.
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We next examined SLR latency, the timing that rapid EMG activity arrives at the limb
(Figure 5-9). Previous work has shown that SLR latencies are relatively invariable on the
upper limb in young healthy participants, occurring at approximately 80-120 ms
(Pruszynski et al., 2010; Wood et al., 2015). Consistent with this previous finding, SLR
latencies for Pro-reaches ranged from 85-115 ms for both PD and HC participants, with no
main effects for Group or Medication, and no significant Group x Medication interaction
(Group: F(1,31.24) =0.09,p= 0.77, Medication: F(1,27.73) =2.42,p= 0.17,
Interaction: F(1,27.73) = 0.006, p = 0.94). Similarly in the Anti- reach conditions, there
were no significant main effects for Group (F(1,15.72) = 0.29,p= 0.60),
Medication (F(1,9.73) = 0.046, p = 0.83), or Group x Medication interaction (F(1,9.73) =
0.43,p= 0.53). This indicates comparable SLR latencies regardless of Group or
Medication status, which is consistent with previous studies in young and healthy

participants.

Pro-Reaches Antl-Reaches
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Figure 5-9: Latency of SLRs across the population

Same format as Figure 5-3. Latency plotted in ms. See methods for latency detection

criteria

As shown in Figure 5-10, we also examined SLR magnitude. In Pro- reach conditions, PD
patients approached significance for larger magnitudes than HCs (F(1,27.45) = 3.54,p =
0.07), with no main effects of Medication (F(1,23.17) = 0.004, p = 0.94), nor Group X
Medication interaction noted (F(1,23.17) = 0.011, p = 0.74). This finding resembles the
observations of Pro-reach RTs (Figure 5-3), where the earlier RTs generated by PD
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patients approached significance for being faster than RTs generated by HCs, with no
Medication or Interaction effects observed. In Anti- reaches, there was no main effects of
Group (F(1,16.26) = 0.25, p = 0.62), Medication (F(1,10.73) = 0.90, p = 0.36), or Group X
Medication interaction (F(1,10.73) = 0.45, p = 0.51), mirroring the RT results presented
earlier (Figure 5-3).

80 Pro-Reaches Anti-Reaches
i | ; HC OFF + HC ON
3 .
s 60f . . PDOFF +PDON
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g 20 . ; ‘ l—-s_, *’"‘47

Figure 5-10: Magnitude of SLRs across the population

Same format as Figure 5-3. Magnitudes are normalized to baseline data and consist
of the sum of area between leftward and rightward mean EMG traces from SLR

latency to 30 ms post latency.

SLRs represent the first phase of muscle recruitment in response to target emergence.
Despite medication and disease status, PD patients readily expressed SLRs, doing so at a
slightly higher rate than HCs. Further, SLRs trended to being more vigorous in PDs than
HCs, evolving with slightly larger magnitudes. Finally, SLR parameters were not sensitive
to DA in either population. Overall, these trends in sparing of SLRs resemble the
remarkable sparing of RTs in PD patients, who initiated reaches just as early, if not earlier,
than age-matched HC regardless of DA medication.

5.4.4 DA begins to influence muscle recruitment in PD patients
~200 ms after target onset

We have demonstrated that initial stimulus- driven movement (RT, SLR) is preserved and

slightly upregulated in PD, and insensitive to DA. However, we have also demonstrated
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that later parts of the reach, as measured by PV, MD, and percentage of missed targets, are
degraded in PD compared to HCs, yet are sensitive to DA. This indicates that early phases
of a reach are DA insensitive, while later phases are DA insensitive. However, when does
this switch occur? Using EMG, we next investigated whether we could identify the time
point at which DA medication begins to impact EMG activity in the emerging target

paradigm.

Figure 5-11 shows stimulus-aligned muscle activity for leftward Pro-reaches (left column)
and Anti-reaches (right column). Here, we used a sliding t-test to indicate where these
traces diverged significantly, with comparisons at each time point, where grey shaded
regions indicated differences of p = 0.01. In the first row, when combining all individual
trial data for PD participants and HCs, PD (green traces) exhibit greater SLR activity
compared to HCs (purple traces). This can be seen as larger magnitude EMG during the
first 80-120 ms during Pro- reaches, and smaller magnitude EMG during Anti- reaches.
However, in later, more controlled parts of the reach, this trend was reversed, with HC
participants then exhibiting higher levels of EMG activity. Therefore, PD patients have
increased SLR activity, and decreased stimulus-aligned movement activity compared to
HCs. This is consistent with our previous results showing increases in SLR metrics such
as prevalence and magnitude, compared to decreases in later kinematic metrics such as PV
and MD.
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Figure 5-11: Comparative stimulus-aligned EMG analysis

Comparisons for pro- leftward target (column 1) or anti- rightward target (column
2) reaches. Row 1; all combined individual EMG data for HC (purple) or PD (green).
Row 2; PD OFF (light green) or PD ON (dark green). Row 3; HC OFF (light purple)
or HC ON (dark purple). Time aligned to stimulus onset (x axis), and normalized
magnitude (y axis). Sliding t-test (p = .01) used to indicate at each ms groups differ
(indicated with grey bar). EMG activity normalized within each participant to

baseline

Of interest in Figure 5-11, are within-group comparisons for both PD (Row 2) and HC
(Row 3) groups. These comparisons allow us to directly investigate at what time point DA
medication impacts reaching movements for stimulus- aligned EMG. For PD patients, DA
begins to impact stimulus aligned EMG at approximately ~180-200 ms for Pro- reaches

and at approximately 400ms for Anti-reaches, as we observe lower EMG activity in OFF,
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shown in light green, compared to ON shown in dark green. For both Pro- and Anti-
reaches, this effect of DA is well after the SLR epoch at 80-120 ms. These results indicate
that the impact of DA during a single reaching movement occurs well after the first phase

of stimulus-driven muscle recruitment.

Also apparent in Figure 5-11, is the lack of significant differences in DA medication for
HC participants (Row 3). This was somewhat surprising to us given previous findings. We
repeated this analysis after aligning EMG to movement onset. As demonstrated earlier
(Figure 5-7), RT for single trials can be variable, thus movement aligned EMG (Figure 5-
12), allows for more specific investigation of the movement enactment phase. When
presented in this way, HC participants show clear improvements on DA medication when
moving towards a stimulus (row 3), with lower EMG activity OFF medication, seen in light
purple, compared to EMG activity ON DA medication, shown in dark purple. These trends
align with those seen for PD participants, in whom EMG amplitudes were lower OFF
medication, shown in Row 2 light green, compared to higher EMG amplitudes ON
medication, shown in Row 2, in dark green. As expected, movement aligned EMG has a
greater amplitude for HC participants (Row 1, purple), compared to PD (green).
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Figure 5-12: Comparative movement-aligned EMG analysis

Same format as figure 5-11, with EMG aligned to movement (0) as opposed to

stimulus onset.

Taken together, these results indicate that PD patients tend to have larger EMG responses
during the first 80-120 ms after stimulus onset (Figure 5-11). These findings are consistent
with preserved stimulus-driven motor responses (RT), and preserved SLRs in terms of
prevalence, magnitude, and latency. Conversely, PD patients then exhibited decreased
EMG in comparison to HCs for later stages of the movement, whether these were measures
of stimulus-aligned activity (Figure 5-11), or movement-aligned activity (Figure 5-12).
The impact of medication on EMG is only apparent after ~180 ms in pro-reach conditions,
well after the SLR epoch. Interestingly DA medication had similar effect on PD patients
and HCs, only affecting later, potentially more volitional aspects of the reaching

movement.
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545 Correlations with PD clinical scores

Although some of our results were expected, demonstrating degraded volitional movement
in PD based on longer MD, lower PV, lower movement-aligned, and stimulus-aligned
EMG, our results also support preserved, rapid stimulus-driven movement using measures
of RT, SLRs, greater stimulus-aligned EMG during 80-120 ms. We wondered how clinical
metrics impacted this preservation of rapid movement. Next, we further investigated
relationships between RT, SLRs, and PD clinical assessment scores.

We did not find any correlations between metrics of reflexive movements such as RT, SLR
magnitude, or SLR latency, either OFF or ON  medication, to any clinical
measures including disease duration, LEDD, presence of freezing of gait (FOG), sensation
seeking (SSS), UPDRS Sub-Score 111, or MoCA scores (all p>0.05). This is in line with
our results in suggesting that these reflexive, stimulus-driven motor responses are spared
in PD, seemingly irrespective of measures of severity or sub-type. This would be consistent
with a pathway driving reflexive parts of the reaching movement that is not affected by PD
pathophysiology, with an additional pathway underlying later parts of the movement that
are under more contextual or volitional control. We are, however, cautious in our
interpretation of these findings, as we might be underpowered to detect correlations
between our motor and clinical measures. For example, only 5 patients had experienced
FOG symptoms, hindering examination of any relationships between reflexive movements

and FOG scores.

We further assessed whether motor behaviour (RT) was related to the SLR in PD patients.
In Pro- reach conditions, OFF medication, we found a strong negative correlation between
SLR magnitude and RT (r = -0.64, p = 0.007), and a positive relationship between SLR
latency (r = 0.45, p= 0.07, albeit non-significant). These results are consistent with
previous reports (Kozak and Corneil, 2021), and indicate that shorter latency, larger
magnitude SLRs precede more rapid RTs in pro- reaches. The same trends occurred ON

medication, albeit they only approached significance for RT and SLR magnitude (r = -
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remarkably similar and might be subserved by the same neural mechanism (Novembre and
lannetti, 2021).

What is the role of dopamine on the neural circuitry that mediates rapid behaviour? Some
lessons might be gained from previous reviews examining the effect of DA on the collicular
control of eye movement (Terao et al., 2013). DA depletion in PD would predict excessive
inhibition in the SC, resulting in deficits in volitional eye movements in PD (Terao et al.,
2013), which are improved by DA therapy. However, this is not the case for express
saccades, also mediated via SC (Dorris et al., 1997). Express saccades do not appear to be
impaired in PD, nor do they appear to be affected by DA (Cubizolle et al., 2014). Our
findings, as well as those observed in online corrections (Desmurget et al., 2004,
Experiment 1); Merritt et al., 2017), are consistent with the notion of preserved rapid
responding in PD, and further demonstrate that this is not just the case for eye movements,
but also for limb movements during visually-guided reaching. However, it is unclear
whether such preservation of rapid responses is due to the unimpaired upstream neural
circuits delivering the visual transient to the SC, or to the downstream structures
compensating for ongoing disease. For example, other work has suggested that downstream
structures such as the reticular formation remain spared in PD (Carlsen et al., 2013;
Nonnekes et al., 2014). Such implications are highly relevant to clinical applications, as
this neural circuitry is an attractive target for therapeutic intervention, given the
indifference to medication or disease status.

5.5.3  Aclinical interpretation: Relevance of reflexive movement on
treatment of PD
Despite medical and surgical management, because there is no cure, PD patients experience
worsening of their symptoms as time passes. PD patients typically have prolongation of
RT (Heilman et al., 1976; Evarts et al., 1981), however, here we demonstrate that if evoked
with moving targets, PD patients may initiate movements comparably to healthy controls
(Figure 5-3), correlating with preserved early EMG activity (Figure 5-11). Studies in the
literature have repeatedly shown that dynamic visual cuing such as horizontal lines on the
floor and laser pointers help improve mobility in PD patients (Azulay et al., 1999;
Rubinstein et al., 2002; Amini et al., 2019). Here, we provide a plausible neural explanation
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for why this may be the case (preserved SC function in PD). It is important to note that not
all visual cues are successful in improving mobility, just as not all visual cues seem to elicit
the SLR (Kozak and Corneil, 2021). Our study used a novel emerging target paradigm that
generated a robust SLR in all patients. Although our research did not specifically study
freezing of gait (FOG), we have shown that PD patients initiate movements just as fast as
HCs in the upper extremity, which in the future, should be studied in the lower extremity.
This knowledge could translate to the clinical context, by taking advantage of this fast
visuomotor system with novel technologies, such as virtual and augmented reality systems,
we might be able to improve mobility in PD patients without invasive intervention, and
without impeding other pharmacological treatments. For example, future devices which
implement moving objects, might allow for reaching or walking movements, and more

independence in a PD population.
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Chapter 6

6 General discussion

6.1 Summary of findings

Interaction with a dynamic and complex environment necessitates that we are capable of
rapidly transforming our visual surroundings into motor output. Research has shown that
when time is of the essence, we can generate rapid visually-guided reaches at latencies
which approach minimum afferent and efferent conduction delays between retina and
muscles. Despite being fundamental to our interactions with a dynamic environment, these
rapid transformations and their underlying neural substrates are poorly understood.
Furthermore, it remains unclear how rapid visuomotor substrates relate to those involved
in deliberative action. This gap in the literature is further exacerbated by the inability to
consistently or reliably evoke rapid visuomotor transformations. Through this thesis, we
investigated rapid visuomotor responses (kinematic and electromyographic: EMG,
Stimulus-locked responses; SLRs) on the upper limb during visually guided reaching, in
response to stimuli representing a range of visual attributes. This work builds on a stream
of findings that emphasize the importance of visual stimulus attributes on motor responses,
which might then be used to further explore the fundamentals of motor control in both

health and disease. Below, | provide a summary of each study and the main findings.

In the first study (chapter 2) we examine reaches initiated from a stationary position
(experiment 1) or reaches requiring a mid-flight correction (experiment 2) towards
suddenly appearing stationary targets varied by spatial frequency. Data from experiment 1
show that reach reaction time (RT) and the latency of the SLR, are preferentially driven by
low spatial frequencies and systematically increase for higher spatial frequencies. Data
from experiment 2 additionally show that latencies from SLRs and midflight corrections
are correlated, also being preferentially driven by the same low spatial frequencies as used
in experiment 1. This is the first study to directly link the SLR to online corrections,

suggesting a causal role of the SLR in generating behavior regardless of whether the reach
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was initiated from a stationary position, or during a midflight correction. Furthermore, we
highlight that the low spatial frequencies used to evoke the fastest SLRs, RTs, and
midflight corrections, also preferentially drive the superior colliculus (SC) which is
consistent with a role for subcortical pathways mediating the first phase of stimulus driven

reaching.

While the SLR represents the first wave of stimulus driven EMG recruitment towards a
visual stimulus, limb SLRs have not been expressed in all participants despite the use of
invasive intramuscular recordings. Therefore, we develop a new behavioural paradigm to
better evoke rapid responses (Chapter 3), which relies on high contrast, fast moving targets
shown to elicit robust SC responses. The emerging target paradigm uses targets that start
at the top of an inverted ‘Y’, move down an initial straight away, disappear behind an
occluder, then reappear in motion below the occluder emerging from one of two outlets.
As shown in this chapter, compared to paradigms which use stationary targets, the
emerging target paradigm offers a more reliable technique for eliciting SLRs and short
latency RTs, doing so in almost every participant. Furthermore, while previous studies
often report modest SLR magnitudes approaching ~30% of movement-aligned EMG, here
we find that on occasion, SLRs evoked in this paradigm are equal to or surpass these
magnitudes (e.g.- 110%). Additionally, all results were reported with the use of surface

recordings, as opposed to invasive intramuscular recordings.

It is worth nothing here that since its inception, the emerging target paradigm in chapter 3
(Kozak et al., 2020) has been invaluable in eliciting rapid behaviour, across numerous labs
both nationally and internationally. At the time of writing this thesis, modifications of the
emerging target paradigm include the addition of symbolic cues (Contemori et al., 2022),
timing modifications (Contemori et al., 2021a), examination of trial-by-trial SLR responses
(Contemori et al., 2021b), and investigation of bilateral SLR responses (Kearsley et al.,
2022). Furthermore, there are numerous ongoing unpublished studies related to
Parkinson’s disease, the lower limbs, and primate populations. The paradigm has since
been published and is available for downloading. Before writing this thesis, the inability to

reliably or consistently evoke rapid responses left many gaps in the literature. However,
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the development of the emerging target paradigm was a critical advance that is currently

being used to help fill in the gaps related to rapid responses.

Building off chapter 3, in chapter 4 we use the emerging target paradigm and vary the
stimulus attributes speed (experiment 1), or speed and contrast (experiment 2). We found
that faster moving targets decrease SLR latency, and higher contrast targets increase SLR
magnitude. In some instances, the magnitude of the SLR exceeded that of movement
aligned activity. Short latency and large magnitude SLRs were correlated with short latency
RTs. We highlight additional findings that experiment 1 (exoskeleton), and experiment 2
(end-point robot) were conducted in different apparatus and relied on surface EMG
recordings, which supports the utility of the emerging target paradigm across different
platforms. This indicates that fast moving, high contrast targets used in an emerging target
paradigm provide a less invasive means to study rapid visuomotor transformations

regardless of the platform, and in those with sensitivity to invasive techniques.

Throughout this thesis, we have highlighted the importance of target features on eliciting
rapid visuomotor responses such as robust SLRs and short latency RTs. In chapter 5, we
apply these findings to clinical populations with a common movement disorder,
Parkinson’s Disease (PD). We found differing effects of dopamine (DA) and disease status,
on the early phase of the movement versus later volitional phase. Consistent with a
movement disorder, PD patients exhibit degraded volitional movement (peak velocity,
movement duration, movement aligned EMG), however, consistent with spared reflexive
movement, PD patients exhibit preserved and slightly upregulated RT and SLRs.
Furthermore, while later volitional movement was sensitive to DA, there was no effect of
medication on RT or SLRs. These results demonstrate, for the first time, that the pathway
mediating early phases of movement is selectively spared in PD and insensitive to DA, if

evoked with the appropriate paradigms.
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6.2 Arapid neural pathway links visual input with motor

output

The SLR observed on arm muscles during visually guided reaching occurs at extremely
short latencies (<100ms), which implies a rapid neural pathway linking visual input with
motor output. For the first time, results from chapter 2 correlate SLRs to online corrections
(Kozak et al., 2019), thus allowing us to apply insights gained from the online correction
literature, to fundamentals of the underlying motor signal. For example, there is debate
regarding whether online corrections rely on cortical, or subcortical structures (Day and
Brown, 2001; Gomi, 2008; Gaveau et al., 2014; Archambault et al., 2015). However, it has
been suggested that online corrections happen in at least two distinct phases, including an
early automatic phase related to the initiation of a movement (125-160ms), and a later
modifiable phase (160 ms+) reflective of participants intentions to move (Day and Lyon,
2000). Therefore, the involvement of cortical and subcortical structures could be dependent

on the phase being studied.

The motor pathway which typically contributes to deliberate arm movements, generally,
the dorsal visual pathway (Goodale and Milner, 1992) and corticospinal tract (Dum and
Strick, 1996), is likely too slow to mediate early phases of online corrections, and by
extension SLRs. Recall that the SLR in primates arises at 50-95 ms (Corneil et al., 2004),
and the majority of studies investigating M1 find that such pathways do not respond to
visual stimuli rapidly enough to contribute to EMG on the upper limb <100 ms (Kwan et
al., 1981; Wannier et al., 1989; Reimer and Hatsopoulos, 2010). Aside from latency,
numerous lines of clinical evidence suggest that the neural substrates involved in rapid
responding are different than those involved in volitional reaching. For example,
hemidecorticate patients with half a cerebral hemisphere removed (often as a treatment for
ongoing epilepsy), continue to exhibit preserved online corrections regardless of hand used
or target jump direction (Day and Brown, 2001). Furthermore, Blindsight patients whom
exhibit loss to all or part of visual cortex, continue to produce express saccades to the
otherwise blind field (Reuter-Lorenz et al., 2011). Finally, PD patients with loss of function

in the basal ganglia, continue to exhibit preserved online corrections (Desmurget, 2004;
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Merritt et al., 2017), RTs, and SLRs (chapter 5), comparable to that of healthy controls.
Together, these findings suggest that rapid movement, or at least the initiation of
movement, is preserved and mediated in part by subcortical structures not affected by
blindsight, PD, or lack of a cerebral hemisphere.

This, however, does not negate the role of the cortex in the entirety of online corrections
as suggested by Pisella and colleagues (Pisella et al., 2000). Although the PPC is generally
considered a part of the dorsal stream of visual processing, the PPC has been shown to
inherit visual information from areas aside from V1, including the pulvinar and superior
colliculus (Clower et al., 2001; Kaas and Lyon, 2007; Mundinano et al., 2018; Kinoshita
et al., 2019). Additionally, the PPC also projects to other motor areas such as the superior
colliculus (Paré and Wurtz, 1997), and can influence hand movements in as little as two
synapses (Rathelot et al., 2017). Together this indicates that the PPC is capable of both
sending, and receiving information from subcortical areas, which does not involve the

general dorsal stream of visual processing.

In terms of subcortical structures, a plethora of research has circumstantially suggested that
the SC is involved in the rapid visuomotor transformation evident on the upper limb.
Firstly, the anatomical connections make it possible for information to progress from SC
to upper limb muscles (Grantyn and Grantyn, 1982). Furthermore, such SC responses have
also been shown to correlate with reticular formation, neck, and upper limb activity
(Werner et al., 1997a, 1997b; Stuphorn et al., 1999; Corneil et al., 2002; Rezvani and
Corneil, 2008), suggesting a causal role in upper body orienting. Finally, the SC is involved
in generating other rapid movements, such as express saccades (Schiller et al., 1987; Dorris
et al., 1997), which occur at nearly identical latencies to those observed during the SLR
(80-120 ms). In addition to anatomical and physiological evidence, the SC both receives
(Fries, 1984; Paré and Wurtz, 1997), and sends (Kinoshita et al., 2019) information to the
PPC, a cortical area implicated in rapid adjustments of the limb. Together, these findings
suggest that the SC is a plausible subcortical neural candidate for contributing to rapid

movement.
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The work in this thesis adds to the literature by demonstrating the visual sensitivities of
rapid responses. Chapters 2, 3, and 4 demonstrate that the SLR is sensitive to low spatial
frequency, high contrast, and fast-moving targets. Such features have all been associated
with magnocellular (M) visual pathways (Merigan and Maunsell, 1993), and furthermore,
such pathways are known to project to the SC (Perry and Cowey, 1984; Rodieck and
Watanabe, 1993). The novelty of this thesis, as stated before, is that we have identified a
combination of target and paradigm which evoke rapid responding in nearly all
participants, across numerous national and international labs, as well as across the lifespan,
and in disease (chapter 5). Future work utilizing such targets should investigate how
cortical and subcortical structures work together, to integrate parallel descending motor

pathways into seamless visually guided reaching.

6.3 Vestigial or feature?

The SC/tectum (in non-mammalian vertebrates) is evolutionarily conserved among all
vertebrates, as layers specified for sensory input, and motor output have been retained
(May, 2006). However, the details of its sensory processing have evolved depending on
the demands of the environment, such as extensive cortical connections in mammals (Isa
etal., 2021), which continues to be critical for orienting behaviour in primates (Corneil and
Munoz, 2014). Nonetheless, it is unclear what function rapid responses such as the SLR
have, potentially mediated via SC, and whether these rapid responses are just a ‘vestigial

tail’ of our evolution.

One issue that arises in past literature when examining the functional role of rapid
responses is the suboptimal use of targets, which may have hindered conclusions about the
SC during visually guided reaching (Song et al., 2011; Song and McPeek, 2015). These
same trends are observed in the SLR, as elicitation techniques using stationary stimuli
produce detectable SLRs in less than half of participants, with modest magnitudes, despite
the use of invasive recordings (Wood et al., 2015; Gu et al., 2016). However, we show here

in chapters 2, 3, and 4, when evoked with salient stimuli aligning to SC responsiveness,
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SLRs exhibit extremely short latencies and extremely large magnitudes, on occasion,
surpassing that of even movement aligned activity. With such robust SLRs, we found high
correlations with behaviour, related to the latencies of online corrections, and more
importantly the initiation of movements in general. Therefore, it seems that when targets
are highly salient, and imperative to reach towards, the SLR is paramount in reach initiation
when contextual cues indicate time is of the essence. One caveat to this, however, is that
the correlations between SLRs and RTs are not perfect. RT is a single measure influenced
by numerous metrics. While the SLR is predictive of ensuing movement, it is not fully
causal (Chapter 4), nor is it related to later parts of a movement such as peak velocity, and
movement duration (Chapter 5). This suggests that multiple ‘fast’ and ‘slow’ descending
motor pathways work in tangent to create a seamless reaching experience, the most rapid
of which present themselves more strongly when highly salient targets are used, and

imminent reaching is required.

Aside from the relationship to movement, most of these studies have been performed in
young, healthy participants (Pruszynski et al., 2010; Wood et al., 2015; Gu et al., 2016;
Kozak et al., 2019, 2020; Kearsley et al., 2022). For the first time, we show in chapter 5
that the SLR and ensuing rapid RT persist through age (mean 65 years old, healthy
participants, Chapter 5). Furthermore, the SLR persists and is correlated to movement
initiation in disease (Parkinson’s disease). It is not just the presence of the SLR in these
populations which is novel, it is the magnitude of the response which also exceeds that of
volitional movement, and is related to ensuing RT. This demonstrates that beyond the SLRs
relationship with behaviour, the presence in elderly and diseased populations indicates that

the SLR is fundamental in maintaining reaching behaviour through life and disease.

This thesis has emphasized the importance of visual attributes on rapid responding, and
when evoked correctly, SLRs can exceed that of movement aligned activity, correlate with
behavior, and persist through the lifespan and disease. It is possible to propose that this
rapid motor pathway, progressing through the SC is fundamental in helping us initiate
movements when time is of the essence, even when our volitional motor system fails like
in those with PD.
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6.4 Implications

Despite medication and surgical management, there is no cure for PD, who often
experience a worsening of their symptoms. Here we demonstrate that the use of moving
targets evokes evolutionarily conserved motor pathways which aid in the initiation of
movement. This is in line with other work on the lower limbs demonstrating the importance
of target attributes on movement; for example, horizontal lines and laser pointers help
improve mobility in PD patients (Azulay et al., 1999; Rubinstein et al., 2002; Amini et al.,
2019). Future work should also investigate other clinical populations with neurological
motor impairments, such as those who have experienced stroke of the motor cortex and
examine whether rapid responses such as SLRs also remain preserved. Other far-reaching
implications of this work also apply to patients with prosthetic limbs, as the neural
correlates related to rapid movement initiation might be largely subcortical, indicating that
prosthetics which connect with only cortical areas might hinder movement initiation

approaches.

Here we provide a plausible neural mechanism for such findings, suggesting that the
evolutionarily conserved retino-tectal-reticulospinal tract aids in movement initiation,
when time is of the essence. The work presented here highlights that numerous descending
motor pathways, both ‘fast’ and ‘slow’, are foundational to the motor system, and
emphasize the importance of visual attributes on motor responses. The neural areas and
pathways which rapidly transform vision into action remain under investigation, however,
the insight gained from such mechanisms will undoubtably help clinical populations
suffering from neurological injury and disease, and further our understanding of motor

responses which are fundamental to our interaction with a dynamic world.
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