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POPULAR SCIENCE SUMMARY OF THE THESIS

There is rarely a moment when you’re completely unaffected by motion. Even when sitting
still in a still environment, the rhythm of your heartbeat will make your body shift ever-so-
slightly. This usually doesn’t bother us, and to our eyes the world appears still. This is
because our inner ears, part of the vestibular system, continuously feed the brain with
information on how the head is positioned and where it’s going. The resulting signal activates
the muscles controlling our eyes through the vestibulo-ocular reflex (VOR), which makes the
eyes move in the opposite direction of the head. Visual motion can also recruit these muscles
through the optokinetic reflex (OKR), which ensures that our eyes follow large scale
movements in the visual field. Eye movements like thee are called gaze-stabilizing, as they
aim to keep a visual scene stable on the retina. In everyday conditions, these two reflexes
interact, and gaze-stabilization relies on both visual and vestibular information to keep us
from perceiving the world as shaky or unstable. It is when these two systems supply the brain

with mismatched information that a sense of vertigo or motion-sickness arises.

The brain’s command centre for issuing gaze-stabilizing eye movements is located within the
brainstem. This most primordial of vertebrate neural structures deals with many aspects of
everyday life that we never think about, including balance. While several studies have
explored the way our cortex influences our eye movement control, less is known about the
brainstem’s contribution to gaze-stability. This thesis aims to provide new insights into these
mechanisms. In order to achieve this on a broad front, the studies attached to this work deals
with 1) the neural network allowing gaze-stability in the brainstem, 2) quantifying the way
vision and vestibular signals interact to produce gaze-stabilization in healthy humans, and 3)
investigating how these eye movements relate to balance and how they serve a clinical

purpose.

The lamprey represents our earliest vertebrate ancestor still alive today. Its brain is
nevertheless remarkably similar to our own in many ways, and thanks to its accessible layout
proved a valuable model for studying how multiple senses contribute towards gaze-
stabilization. Our first trials showed that the multisensory interaction was very similar to that
seen in humans, meaning that its supporting neural structure likely operates according to the
same basic principles as our own. Through performing precise lesions, and recording activity
in the eye muscles and several neural cores in the brain, we were able to produce a map of the

fundamental pathway of gaze-stabilization. In this process, we recorded the earliest form of



the OKR, and showed that the vertebrate VOR has remained conserved throughout evolution,

and that the merging of these two eye movements relies on very basic pathways in the brain.

The next set of studies aimed at finding a way to measure sensitive a person may be to visual
and vestibular information. When a person tilts the head, the eyes will rotate in the opposite
direction through the VOR. When that same person views a rotating visual scene, the eyes
will rotate to follow it. These torsional eye movements aren’t under any real voluntary
control, meaning that they will reflect the brain activity at its most basal neural level. In order
to test how the OKR and VOR interact, we rotated people in a mechanical chair while they
viewed a visual scene. In addition, they were tasked with sitting still and watching that same
scene rotate, as well as being rotated themselves in complete darkness. In this way we were
able to get the eye movement responses to visual, vestibular, and combined visuovestibular
stimulations. In a set of trials we could show that the relative importance of a visual scene
goes up the more cluttered it gets, while it goes down as the movement goes faster. These
results were expected based on what we know about the visual and vestibular systems, but the
protocols we established here offer a new method through which their relative importance
can be reliably quantified. In addition, we knew that a head tilt results in a vertical
realignment of the eyes, but our results showed that this eye movement was also seen when
watching the visual scene. This response is called vertical vergence, and is considered to
reflect activity of the vestibular segment of the brainstem, or as a side-effect of a torsional eye
movement brought on by the mechanical constraints of the eye. It was therefore curious that

the size of the vertical vergence response appeared to be independent of the torsion.

In order to dig deeper into the nature of this vertical vergence of the eyes, we performed a
study testing how it responses to changes in the visual scene. More specifically, we had
subjects view a rotating image both with the eyes open as normal, and with one eye occluded
with an infrared-translucent sheath that allowed the eye-tracker to still record the vertical
vergence. It transpired that the vergence was increased with one eye closed, indicating that
vision actually acts to supress the response even though it was caused by a rotation of the
visual field. While further studies are needed, we believe this may stem from it being caused
by a visual activation of the vestibular region of the brainstem; as more information is
retrieved when both eyes are open, the visual input serves to tell the brain that no tilt is
actually taking place. Going deeper into the relationship between visual motion and vestibular
responses, we set out to see how cluttered visual surroundings may affect a person’s balance.
Once again we had people view a rotating visual scene, but this time we recorded their stress

responses, reflected in an increased pupil size, as well as body-sway as indicated by the



change in pressure on a balance board that subjects were standing on. As the visual clutter
was increased, subjects responded with greater sway, increased stress, and faster torsional eye
movements. This may go a long way in explaining why some people experience discomfort
in visually cluttered environments, as they provoke the balance system even if we aren’t

consciously aware of it.

The final step of this string of studies was to test these new protocols in a clinical setting. As
stated before, vision and vestibular information must coalesce in order to give us a good
perception of balance. The mismatch-model states that if these systems relay different types
of information we may experience motion-sickness. Most people are familiar with the
sensation, for example when traveling as a passenger in a car; our inner ears tell us that we
are stationary, but visually we are moving at incredible speeds beyond what our body should
be capable of performing. Antihistamines make up the most common form of treatment for
motion-sickness. It has been theorized that they work through inhibiting the vestibular system
though studies diverge in their conclusions, some stating that they instead inhibit our
sensitivity to visual motion. As the protocols developed for this thesis were able to test both
visual and vestibular influences on our brain, as recorded by the eye movement response, we
set out to test how Meclizine, a common antihistamine, influences our senses. The results
showed that under normal conditions, when exposed to a combination of visual and vestibular
input under low accelerations, the drug has an inhibitory effect on gaze-stabilization. In
contrast, this response is enhanced if the acceleration becomes too big, or when only the VOR
is triggered by a head rotation in darkness. It would consequently seem as if Meclizine
reaches its effect by inhibiting the merging of visual and vestibular information in normal
conditions, which agrees with the notion that this type of 1% generation antihistamines have a
stronger effect on the central nervous system than later generations, having stronger side-
effects in the form of sedation. Still, the results reflect a complex effect of Meclizine, and

further studies are needed to shed further light on this phenomenon.

Gaze-stabilization offers us valuable insights into the ways the brain handles visual and
vestibular information. The works in this thesis touch upon a number of key elements that
allow us to retain a stable perception of the world in spite of all the motion that surrounds us.
There is plenty of room to delve deeper into the neural circuitry that allows this to happen,
and the method established in this thesis could offer valuable new approaches to studying
how damages to the brain may affect our control of eye movements, as well as our control of
balance. The eye movements outlined in the published articles could also prove beneficial

when diagnosing and rehabilitating people with sensory deficits or unclear problems of



dizziness or vertigo, as we can investigate which system may be affected by a drug or
medical complaint. Visually induced vertigo is an example of such a condition where visual
motion can trigger a person’s balance response, and our findings provide further context for
how such a condition may be reflected by reflexive eye movements. Altogether, this thesis

outlines new ways in which we can use gaze-stabilization to aid in research and healthcare.



ABSTRACT

Without the continuous updates provided by the vestibular and visual systems, our world
would appear blurry and unstable. In order to allow the retina to reliably record incoming
light in a meaningful way, the vestibulo-ocular reflex (VOR) and optokinetic reflex (OKR)
aim to stabilize our gaze on visual features. The VOR performs this function by causing the
eyes to move in the opposite direction of the head, whereas the OKR allows the eyes to
instinctively pursue a moving visual scene. Together, they make up the gaze-stabilizing eye
movements available to us humans, and represent the origins of all vertebrate oculomotor
control. The neurophysiological principles governing these responses appear to have been
very well-conserved throughout evolution, although the basic mechanisms through which the
VOR and OKR are integrated in the brainstem are still not fully mapped; in nominal
conditions, gaze-stabilization will rely on seamless merging of visual and vestibular
information at this level. While it is difficult to analyse the activity of such an integration in
humans, tracking the VOR and OKR can offer valuable insights into how the brain responds
to motion in different conditions. This thesis aims to further our understanding of gaze-
stabilization by implementing a series of translational protocols which may be divided into
three segments. 1) We will elucidate the basic neural principles and evolutionary origins of
gaze-stabilization in the lamprey animal model, 2) investigate how eye movement responses
reflects this visuovestibular integration in healthy subjects, and 3) test these findings in a

clinical setting.

The basic science experiments featured a combination of behavioural and
electrophysiological methodologies. In the first stage, video eye-tracking was used to monitor
gaze-stabilizing eye movements in three dimensions. In this way we recorded both slow- and
fast eye movements in all planes in what may be the phylogenetically oldest example of
nystagmus. The next phase involved performing electrophysiological recordings to
investigate the neural network that would allow for this primordial gaze-stabilization. As both
visual and vestibular information is used to construct these eye movements, we constructed a
rotating platform synchronized with two monitors for optokinetic stimuli. This platform was
capable of holding an ex-vivo lamprey preparation while performing electrophysiological
recordings of the extraocular muscles and vestibular nuclei. The next step was to establish
whether the lamprey possess an OKR, which we were able to observe as eye muscle activity
scaled with optokinetic velocities in the pitch and roll planes. Combining visual and
vestibular stimulations in the tilting platform, we saw that the conjoined OKR-VOR exhibited

clear additive properties, which favoured the vestibular modality as the velocity was



increased. Lesioning experiments showed that pretectum is vital for relaying the optokinetic
signal towards the OKR, whereas tectum downregulates its intensity. Curiously, there was no
clear OKR in the yaw plane. We did however record clear compensatory eye movements
during locomotion using a semi-intact preparation in the corresponding directions. As a way
to map the trajectory of the signals underlying these responses we performed tracer injections
of key structures in the brain. As a result, we were able to visualize the fundamental neural

network of gaze-stabilization.

Implementing similar principles as those outlined above, we tested how healthy human gaze-
stabilization behaves in the roll plane under various circumstances. Using a mechanized sled
capable of full-body rotations coupled with visual stimulations on a projected screen, healthy
subjects wore an eye-tracking device while exposed to different levels of visual clutter and
movement accelerations. Roll plane VOR and OKR responses can be monitored in terms of
the ocular torsion, which sees the eyes torque around their axes. Unlike translational gaze-
stabilizers this eye movement lacks any meaningful somatic innervation, meaning that it
offers a clearer reflection of the fundamental reflex. Throughout these studies we recorded
increased gain in ocular torsion to intensified visual and vestibular variables. In addition,
when comparing the torsional response for the VOR and OKR to the joint visuovestibular
response it became clear that they reliably produced summative responses. This phenomenon

was then used to quantify the relative influence of each sense during movements.

Vertical vergence is a known physiological response to a head tilt and associated with ocular
torsion. When performing the previously outlined studies we found that such a divergence of
the eyes may also be triggered by optokinetic rotations. The torsion-vergence ratio increased
to visual clutter and decreased with an upregulated acceleration of the stimulus motion. In
order to ensure that the vergence was not secondary to torsion, we tested how it responded to
visual information by having subjects view a rotating scene binocularly as well as
monocularly. Results showed the vergence amplitude was increased during monocular
viewing, suggesting that the response is suppressed during nominal binocular viewing.
Furthermore, as postural control also involves similar multisensory modalities as gaze-
stabilization, the relationship between postural sway and the OKR was tested. This involved a
procedure where subjects watched a rotational optokinetic scene while standing on a balance
board. Torsional gain was positively correlated with postural sway, as well as with the
sympathetic response indicated by an increased pupillary dilation.

Having established that the OKR-VOR interaction could be used to infer their relative

importance during a head roll, we implemented our visuovestibular protocol in a



pharmaceutical study testing the effects of Meclizine. Antihistamines like these are widely
used as anti-emetic drugs, and are primarily attributed with reaching their desired effect by
inhibiting the vestibular system. Contrary to this hypothesis, the torsional response showed
increased vestibular influences during high velocities, although a converse inhibiting effect
under nominal visuovestibular conditions at low accelerations. These findings may reflect the

anti-emetic’s inhibiting effect on the central integration of the sensory information.

Through its translational approach to gaze-stabilization, the studies in this thesis offer new
insights into the neural activity that govern eye movement control. The results presented

above can be further contextualized in relation to the overarching aims of this work.

1) As the lamprey exhibiting OKR, VOR and locomotion-supported eye movements, it is
clear that gaze-stabilization was well-developed already at the dawn of vertebrate evolution.
The presence of nystagmus indicates that the neural mechanism for goal-oriented saccades
was present at this time, and that it likely operates through tectal downregulation of the OKR.
Pretectum has been shown to act as the first integrator of visual motion in several vertebrate
species, which holds true also for the lamprey. In addition, this thesis shows that a VOR-
OKR interaction can be maintained without cerebellar or cortical influences. The

fundamental network instead relies completely on a few subcortical structures.

2) Our subsequent studies in human subjects revealed even more robust visuovestibular
integration, showing that torsional gain may be used to test the influence of the sensory
modalities in any given scenario. Our studies on the rotational OKR reveal that vergence is an
intrinsic part of the response, and as it suppressed by binocular vision it is tempting to suggest
it may reflect a visual activation of the vestibular nuclei. This visuo-vestibular pathway could
also explain the correlation between visual clutter, postural sway and increased sympathetic

stress, as it would allow reflexive postural strategies without conscious interference.

3) We implemented the aforementioned visuovestibular protocols to evaluate the effects of
Meclizine, which suggested that it may be through central inhibitory effects that its anti-
emetic effects are achieved. This finding is in line with well-established notion that 1%
generation antihistamines are more efficient due to their properties on the central nervous

system, being associated with stronger side-effects in the form of general sedation.

In conclusion, this thesis approaches gaze-stabilization from a broad perspective, shining new
light on the neural network as well as identifying new features of the human eye movement
response. Having established the fundamental principles that govern the integration of these

reflexes, our findings open up for investigating the next order of integration, as several neural



structures influence the gaze-stabilizing responses. The somatosensory influences towards
this process remain poorly known, and future studies may benefit from mapping how the
signal for locomotion-supported eye-movements is incorporated into the system. While we
have indicated how torsion and vergence may hold utility, additional studies are needed to
formalize the measuring of such processes for clinical use. Altogether, these findings could
offer a valuable approach to evaluating sensory deficits, and aid in developing protocols for
personalized medicine and rehabilitation.
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1 INTRODUCTION
1.1 EVOLUTION OF VISION

1.1.1 General introduction of purpose and function

It is the overarching ambition of this thesis to approach gaze-stabilization from a broad
perspective, from mapping its most fundamental neural network to characterizing how visual
and vestibular information contribute to these compensatory reflexes in humans. Eye
movements are ancient and were present already at the onset of vertebrate evolution *.
Remarkably little has changed in terms of how our eyes remain fixed in space as we move
through an ever-changing environment, and the extraocular muscles and their innervation
have remained largely conserved from jawless fish to primates. Still, as the vertebrate brain
increased in size to generate an increasingly complex set of behaviours, the neural network
impacting gaze-stabilization will have expanded by employing cortical, subcortical and

cerebellar regions in this automated response.

Vision has emerged as the primary sensory informant for humans, involving several
interconnected pathways in a complex neural system 2. The brain, in turn, relies on the eyes to
provide it with the sensory data needed to produce said vision. In order to contextualize the
principles of gaze-stabilization, it may be advantageous to present the process through which
eye movements were formed. If we by the term vision refer to the detection of light, the first
forms of light-detecting cells would have constituted simple binary on-off cells. These
primordial sensory cues may have allowed their owners some simple phototactic responses.
As photosensitive cells gathered into a concave surface, the inclination of incoming light
would provide a sense of direction in an early form of image-forming eye. The earliest
example of vision comes from fossils of trilobites, an extinct species of arthropods that
evolved 530 million years ago **. The birth of image forming vision allow for more complex
interpretations of the visual surroundings. In order to separate self-motion from that of
external stimuli, and to maintain focus on an object moving across the visual scene, there
arose a need to stabilize the image. Without compensatory eye movements the photoreceptors
may fail to accurately register the viewed object properly, as the visual scene would risk

crossing the photoreceptors too fast for them to activate properly °.

Eyes exemplify the concept of convergent evolution, and with several sets of eyes abiding by
the same general principles the gaze-stabilizing mechanisms have evolved independently
across multiple taxa, eventually giving rise to several eye movement forms °. Vertebrate eyes

generally tend to function according to the same principles, and although operating according



to the same basic mechanism as many invertebrates they make up a distinct building plan
easily distinguishable from that of arthropods and cephalopods ’. It is likely that goal-oriented
gaze-shifts and fixating eye movements arose from the neural template of gaze-stabilization
68 and so understanding these fundamental sensorimotor reflexes are central for mapping the
neurophysiology of eye-movements, reflecting the peripheral detection of a movement and its

subsequent integration in the brain.

The two primary sensory contributors to gaze-stability are the vestibular system through the
vestibulo-ocular reflex (VOR), and vision in the form of the optokinetic reflex (OKR). While
some vertebrate classes exhibit additional contributors towards these compensatory
responses, most notably locomotion, they constitute the basis for clamping a visual feature on
the retina. Before concentrating on the specifics of the VOR and OKR, it may be beneficial to

first illustrate how they fit within the framework of eye-movement control.

1.1.2 Vertebrate eye movements across the seven classes

As this thesis make use of the oldest extant vertebrate as an animal model, the lamprey, to
infer visuovestibular control of primate eye movement control, this chapter will feature a
brief comparative summary of vertebrate eye movements. These can be arranged into three
separate classes: gaze-stabilizing, gaze-shifting, and fixational. Each can in turn be separated

into further subclasses, as outlined in table 1.

Table 1. A summary of the major classes of vertebrate eye movements and their subordinate categories.

Gaze-stabilizations®** Gaze-shifts' Fixational eye movements®
Optokinetic reflex Saccades Microsaccades
Vestibulo-ocular reflex Vergence Ocular drifts
Corollary discharges Smooth-tracking Ocular microtremors

Prior to the studies undertaken in this thesis, the phylogenetically oldest vertebrate eye
movement was believed to be the lamprey VOR, allowing the vestibular system to produce a
compensatory eye movement in the opposite direction of a head movement *. Studies
performed in cartilaginous fish had yielded only inclusive optokinetic responses, and the
earliest OKR had only been conclusively shown in osteichtyes as reflected in eye movement




reflexively following a moving visual scene 8. Chondricthyes have however been shown to
express compensatory eye movements through corollary discharge during locomotion 2. This
type of eye movements are not always counted towards those of gaze-stabilizers, though I

believe a point can be made for its inclusion.

Eye movements compensating for locomotion through spinal efference copies have been
shown in dogfish and tadpoles ***°. One may consider it appear likely that oculomotor
compensation through locomotion efference copies is represented in the neural networks
beyond those of cartilaginous fish and amphibians, though the extent of their utility may
differ greatly between species *°. It should also be noted that the presence of an eye
movement within a vertebrate class does not necessarily mean that all members exhibit them;
studies in humans have shown that proprioceptive feedback through the neck muscles can
induce eye movements, though these responses appear to be subthreshold for providing

meaningful image stabilization *’.

Fixational eye movements are perhaps the least explored of the eye movement types. These
miniscule corrections ensure that the eyes can remain in position. They have been shown in
all vertebrate classes from bony fish to mammals, in both foveated and afoveated species, and
without fixation, the world would appear blurry *®. One may postulate that the presence of
such fixations imply a need to counteract the mechanical forces of the orbita caused by the
flexibility of the extraocular muscles (EOM). As such, it appears likely that this set of eye
movements would be intrinsically linked with the primordial gaze-stabilizers of the OKR and
VOR.

Gaze-shifts are goal-oriented eye movements purposed to redirect visual attention *°.
Saccades are quick ballistic eye movements, redirecting visual focus from one part of the
visual field to another in a movement which cannot be stopped once initiated 2. These are the
types of eye movements one would implement when reading this text. VVergence allows
horizontal and vertical alignment of the eyes to allow for binocularity and visual acuity when
focusing between objects at varying distances, or adjust for binocular disparity 2. An
example may include first looking at a bird through the window and then having the eyes
converge inwards to shift focus to a smidge on the window glass. Smooth-tracking is
seemingly limited to primates, and has the eyes pursue a moving visual feature as it moves,

for example when following a car or a train passing by with your eyes 2.

Unlike stabilizing and fixating eye movements, gaze-shifts may be subject to voluntary

somatic control ®. Much like fixational eye movements, these are comprised of features that



were already present in the OKR and VOR; a vestibulo-ocular reflex involves an initial slow-
phase component in the opposite direction of the head rotation followed by a quick-phase,
and the same mechanism is found in the OKR’s response to visual movements %, Vergence
is also part of the VOR, as the eyes diverge vertically during head rolls (tilting) and
horizontally during head surge (moving forward and backward) while maintaining visual
fixation, though this horizontal vergence is also under voluntary control . The voluntary
initiation of these movements are issued from cortical input from several regions, most
notably the frontal eye field **. Their implementation, however, rely on the subcortical
activation of a number of key nuclei in the brainstem, which initially emerged to support
gaze-stabilization *®'2%_ Despite the importance of these structures, and the utility of the
resulting eye-movements in clinical and scientific protocols, there are still many aspects that
may benefit from further investigation. This thesis will consequently focus on the most basic
level of control of gaze-stabilization in the brainstem and its integration of visual and
vestibular information, and study the same sensory integration in humans during stimulation

in the least studied direction of movement, the roll plane.

1.2 PRINCIPLES OF GAZE STABILIZATION

Having established the purpose and main functions of eye movement control, this chapter
will provide further commentary on the specific components of gaze-stability. This will be
done initially from the human perspective before introducing the conserved nature of lamprey
oculomotion and how it compares to that of primates, with special reference to roll plane

responses.

1.2.1 General principles

Vertebrate gaze stabilization is, as previously noted, primarily maintained through two
reflexive eye movements. Movements in the visual field produce an optokinetic reflex
(OKR), in which retinal information results in an activation of select extraocular muscles so
that the eyes may follow the visual scene °. A head movement will cause an activation of the
vestibulo-ocular reflex (VOR) to induce smooth eye movements in the opposite direction of
the head, which relies on activity in the vestibular apparatus in the form of semicircular
canals detecting fluid inertia, and the otolith organs relaying gravitational pull on the macula
2 There is also evidence for somatosensory information contributing to stabilizing eye
movements *°, with corollary discharges differentiating between passive and active self-
motion ™. The relative importance of these influences may differ between species, and in
humans the somatosensory influences are somewhat debated, though evidence suggests

activation of the neck muscles contribute to visual processing as well as the eye movement



response 22 It has consequently been put forward that proprioceptive signals may aid
human gaze-stability '°, and that corollary discharges allow for the separation and recognition
of passive and active visual field movements ™. In addition, several studies have investigated
how stimulation of the neck muscles may produces compensatory eye movements through
the colliculo-ocular pathway 223! Its actual influence on gaze-stability has however been
questioned, as it has only been shown to cause very small and slow compensatory responses,
too weak to hold functional utility on its own *.

In order to assess the functionality of these gaze-stabilizing eye movements in the roll plane,
we may consider some of the mechanisms they aim to fulfil. Proper binocular vision relies on
proper gaze-stabilization through distinct eye movements adhering to Donder’s law, which
states that a specific gaze position will yield an equally specific orientation of the eyes,
including a torsional component *. Ocular torsion (OT) therefore plays an important role in
motor fusion of the eyes. Additionally, OT aids in sensory fusion by increasing the range
associated with Panum’s area *. Panum’s area, in turn, is the visual range in which single
binocular vision can be maintained, and the torsional disparities between two images will be
greater in the peripheral retina compared to the fovea®. In the context of gaze-stabilization,
OT can be achieved both through the VOR and OKR. From a vestibular perspective, the
VOR will produce a torsional eye movement response in the shape of ocular counter-roll
(OCR) in response to a head tilt, which is primarily brought on by the vertical semi-circular
canals and then maintained by the utricules ***. The positional gain of this movement is
estimated to be between 10-20%, decreasing as the amplitude of the head roll increases *'.
Visually induced ocular torsion (VOT) has a much smaller gain of about 1-4% . It is also
known that visual content can increase the gain of an OCR, indicating visual contribution to
the VOR . Torsional gain during combined visuovestibular stimulations may consequently
yield an indication of how the two senses are weighed in terms of their stabilizing influence,
and their relative importance could be quantified based on their proportional contribution
towards the integrated response. While this thesis aims to explore this relationship,
subsequent studies establishing control values across a large population could be useful for
establishing clinical benchmarks, as the visual-vestibular ratio may give an indication of what

system is afflicted in patients with sensory deficits.

It has long been known that a torsional eye movement is accompanied by a vertical vergence
(VV) of the eyes, i.e. skewing . These vertical and torqueing eye movements are
intrinsically interconnected according to Donder’s law . This relationship could possibly be

explained by mechanical constraints of the orbita *°, but it has been put forward that the



specific ratio between torsion and vergence may be neurologically driven, as the orbital
dynamics cannot fully account for the specificity with which the eyes are positioned .
Vertical vergence is generally considered a vestibular brainstem response and a physiological
component of the VOR; it is part of the ocular tilt reaction, where the utricles signal for the
eyes to divergence along the vertical visual axis “°. More specifically, a head roll will cause
the contralateral eye to move downward in relation to its ipsilateral counterpart, which instead
moves upward ***2. Much like its torsional counterpart, vertical vergence aims to increase the

fusional range %.

It has been known for some time that vertical vergence can be seen during rotational
optokinetic stimulation, but it has been considered as purely secondary to the torsional
response according to the principles described above *. Nevertheless, the full extent of this
relationship remains poorly investigated. Studies have indicated that vertical divergence, in
the form of skew deviation, can be caused by visual aberrations. These include visual
disparities %, and the notable observation that amblyopic children may grow up to express a
constant vertical misalignment of the eyes **. A hypothesis aiming to explain this pathology
suggests that amblyopia may cause a vestigial dorsal light reflex (DLR) to manifest. This is
supported by the finding that children with this condition also experience a slight tilt to the
visual scene, as indicated by testing their subjective visual vertical **. The DLR will be
covered in more detail in the next segment, as it is most prominent in phylogenetically older
vertebrates, but it serves as a light-guided reorientation mechanism and as such involves
visual activation of the vestibular system *°. This invites the question if vertical vergence,
much like torsion, could be considered an eye movement response common for both the VOR
and OKR; if so, it may prove valuable in evaluating multisensory control of gaze-stabilization

in patients.

1.2.2 Vestibular activation and the vestibule-ocular reflex

This segment will briefly outline the main principles giving rise to a torsional gaze-
stabilization from vestibular and visual stimulations. As the vestibular nuclei are comprised
of four sub-nuclei, activation of the VOR will also be accompanied with a set of reflexive
responses related to postural control. In order to understand the clinical utility in using gaze-
stabilization, this segment will therefore offer an overview of the vestibular nucleus and its

functions.
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1.2.2.1 Vestibular registration

The vestibular apparatus consists of two distinct organs, the semicircular canals (SCC) and
the otoliths *. The former detect angular acceleration through movement of endolymph, a
potassium rich fluid, in the superior, horizontal and posterior canal, which are named for their
position in the vestibular complex. As illustrated in figure 1, each canal opens into an
ampulla, which houses the gelatinous cupula. When the canal moves with the head, the
cupula is pushed into the endolymph with a force proportional to the fluid’s inertia. As the
cupula bends, stereocilia bend with it, giving rise to an electric signal that can be conveyed
through the vestibular nerve; during constant velocity, the inertia is maintained for about 10
seconds before the endolymph reaches equilibrium, after which the convection of movement
stops *". Depending on the flexion of the cupula, the hair cells will be hyperpolarized or

depolarized, allowing directional information.

The otoliths, in addition to supporting the registration of angular acceleration, specialise in
detecting static changes of head position “®. These organs are composed of the saccule and
utricle, responding to vertical and horizontal stimulations respectively due to the orientation
of their hair cells. A gelatinous layer embedded with tiny crystals, otoconia, blanket these hair
cells. As gravity causes the crystals to shift during head movements they pull on stereocilia in
either direction, causing hyper- or depolarization according to the same principles as seen in
the semicircular canals™. While the initial response will aid in detecting dynamic angular
displacement (r-VOR), the hair cells will continue to signal the static position of the
vestibular apparatus (t-VOR), as the otoconia continue to tug on the otolithic membrane
covering the gelatinous layer *°.

Altogether, the semicircular canals and the otolith organs provide constant feedback on head
position and acceleration through the vestibular nerve. Due to the polarizing-depolarizing
nature of the stereocilia, this system works according to a push-pull mechanism; as one side

hyperpolarizes the other side will depolarize, shifting the equilibrium.
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1) The semicircular canals detect angular acceleration when the internal fluids push against the cupula
2) The otoliths of the utricle and saccule signal head displacements when the otoconia crystals drag on hair cells

Figure 1. The peripheral vestibular system. The schematic illustrates how the vestibular
apparatus and its components, the semicircular canals and the otolith organs, behave during a
head movement as they translate inertia into neural signals. 1) The semicircular canals detect
angular acceleration when the internal fluid pushes against the cupula which in turn produce
movements of hair cells. 2) The otolith organs, the utricle and the saccule, signal head
displacements when the otoconia crystals drag on the embedded hair cells. Resulting
electrical impulses are relayed through the vestibulocochlear nerve to the vestibular nuclei.
Created with BioRender.com.

1.2.2.2 Activating the brainstem

The resulting signal conveyed through the vestibular nerve terminates in the vestibular
nucleus (VN) of the brainstem !. The distribution of these projections is presented in figure
2, and it is reported that the superior vestibular nucleus (SVN) is targeted by semicircular

afferents, whereas the lateral vestibular nucleus (LVN) is innervated by otolith input ®2. The
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remaining inferior and medial nuclei (IVN; MVN) receive afferents by both peripheral

structures.

VN efferents will subsequently project to a number of structures involved in the reflexive
response to movement. The LVVN will activate the vestibulospinal tract, causing reflexive
recruitment of muscles that may prevent a fall if the vestibular activity was not triggered by a
self-generated movement *2. In contrast, if the vestibular activity was part of a planned head
movement, the cerebellum will attenuate this response through interactions with the
vestibular nucleus, ensuring that we are in control of our own locomotion **. The MVN will

also issue signals leading to stabilizing head movements by recruiting neck muscles .

The MVN and SVN act as the main initiators of the VOR >*. This is achieved primarily
through excitatory projections to the contralateral abducens nucleus (N.VI), which in turn
activates its contralateral oculomotor nucleus (N.I11) and ensures that both eyes move in the
same direction during a translational head movement *>. The MV/N will also excite or inhibit
activity in the contralateral N.111 and trochlear nucleus (N.IV) **, whereas the SVN projects to

the ipsilateral N.111 and N.IV through the medial longitudinal fasciculus *°.

A vestibular signal may consequently produce a cascade of reflexive responses related to self-
movement. Considering the range of functions of the VN, one may claim that the VOR
reflects neuronal activity representing how the brain integrates motion, and postulate that the
ocular movement may be correlated to reflexive postural commands. As will be outlined later
(See Optokinetic reflex), the visual system also recruits the VN in its producing the OKR. A
gaze-stabilizing response may therefore serves as a valuable proxy for assessing both
peripheral and central systems of movement-integration. For example, this is routinely done
through the head impulse test, where an examiner evaluates the inner ear through quickly
moving the patient’s head, or identifying vertical or rotational nystagmus beats as having

central aetiologies *".
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Figure 2. The central vestibular system. Peripheral vestibular information reaches the four

sub-nuclei of the central vestibular complex of the brainstem. The basic and reflexive
oculomotor and postural responses are outlined in the schematic, with no chronological order.

Created with BioRender.com.

1.2.2.3 Recruiting the eyes
Motor neurons originating in N.11I, N.1V and N.VI innervate the extra-ocular muscles (EOM)
responsible for rotating the eyes. This complete network is illustrated in figure 3. The

following segment will briefly outline the route through which torsion is achieved.

Torsional VOR, the OCR, involves rotating the eye around its visual axis without causing any
horizontal or vertical movements. The following example accompanies a head tilt to the right
*8 From the perspective of the semicircular canals, the anterior SCC produces an excitatory
signal that activates the ipsilateral superior rectus muscle and the contralateral inferior
oblique. The posterior SCC will instead recruit the ipsilateral superior oblique and
contralateral inferior rectus. Hering’s law of equal innervation allows for this conjugation,
controlling for the fact that an eye movement in one direction will be innervated by the

antagonistic EOM of the contralateral eye *°. For the same reason, the left anterior SCC
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inhibits the contralateral inferior rectus and the ipsilateral superior oblique, while the

posterior SCC inhibits the contralateral inferior oblique and the ipsilateral superior rectus.

As the EOM are always innervated by their respective cranial nerves, this step holds true for
any torsional eye movement, whether it is vestibular or optokinetic in origin. As ocular
torsion lacks any meaningful somatic voluntary innervation it may serve as an objective

indicator of the visual, vestibular, and visuovestibular contributions to gaze-stabilization.
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Figure 3. Neural activation of the extraocular muscles in humans. The schematic illustrates
how the eyes move during a head roll. The red lines illustrate neural innervation between the
structures, illustrated as grey ellipses. Input originates in the respective vestibular organs and
move upwards in the figure. The lamprey schematic features an adult lamprey with the

frontal section of the eye-brain-labyrinth preparation to its right.

1.2.3 The optokinetic reflex
Whereas the VOR is purposed to compensate for a head movement, the OKR evolved to

implement direct visual feedback in its task to stabilize gaze. Being phylogenetically younger
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than the VOR but having evolved in parallel, this fundamental sensorimotor integration

involves neural structures unique to visual feedback incorporated in the vestibular pathway ®.

1.2.3.1 The neural pathway of the OKR

As an object moves across the retina, the photoreceptors translate incoming light into
electrical impulses through the optic nerve in order to giving rise to a signal that carries both
spatial and temporal information ®. The neural network allowing optokinetic data to be
translated into an OKR is less direct than its vestibular counterpart. Almost all nodes in this
system receive afferents from a number of cortical and subcortical structures whose
importance is difficult to deduce in the highly evolved vertebrate brain ®*; as outlined in the
next chapter, we aim to map the fundamentals of the OKR using a more primitive neural
model. Nevertheless, figure 4 illustrates an overview of the OKR pathway.

After light has been registered by the eye, a retinal signal from the nasal quadrants will be
relayed through the optic nerve and cross to the other cerebral hemisphere at the level of the
optic chiasm, while the temporal input remains on the ipsilateral side 2. After the chiasma the
information is carried through the optic tract ®2. This tract projects to pretectum which
influences a number of visually guided reflexes, including the OKR; other examples include
smooth-tracking, conveying the accommodation and pupillary reflexes, as well as supporting
a circadian rhythm ®%. There are a number of pretectal outputs that could influence an eye
movement response ®. In the context of the OKR, direct projections to N.I1I and MV/N are of
particular note; the former controls eye movement responses directly and the latter is
involved in the VOR and other vestibular responses as outlined above. Pretectum also
projects to the superior colliculus (SC), which holds a key function in visually guided
behaviours and eye movement control . Projections via the accessory optic system (AOS) of

the pretectal area also influence the OKR and it synergy with the vestibular system °°.

In addition to activating pretectum, the optic tract also provides input to the superior
colliculus, whose function is mentioned above. The tract terminates in the lateral geniculate
nucleus (LGN) of the thalamus. From here, fibres reach several cortical areas where visual
motion and content can be interpreted and perceived before modulating the subcortical
network °"®® . One such example of feedback is the cortical projections to pretectum that
modify its afferent signalling ®°. Significant cortical input to the superior colliculus also

allows for voluntary motor commands, such as gaze-shifts.

Dissecting the network described above gives rise to a few clear, direct contributors towards

the OKR, notably pretectal projections to N.111 and MVN. Naturally, this invites the question
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on why only the N.I1I receives direct innervation, as compared to the N.IV and N.VI. Lacking
any such direct projections, a fulminant OKR would have to occur through crosstalk between
the EOM nuclei, or by making use of the VOR network through the MVN. Studies have for
example shown that pretectum, through the AQOS, is capable of producing an optokinetic
response through the velocity storage mechanism (VSM), which integrates motion
information through vestibular-cerebellar interactions in the brainstem °; this mechanism

will be further addressed in the next chapter.

One may infer some information regarding the OKR pathway by juxtapositioning its
temporal properties with that of the VOR. For comparison, the VOR has a latency of 8.6
milliseconds (ms) ", while an OKN is initiated after 70-75 ms "%, Naturally, the vestibular
system can be expected to exhibit a greater sensitivity to motion due to its mechanical and
direct translation of inertia. This cannot be explained solely by different response rates of the
peripheral organs however. A study comparing the latency of pretectal activity and the OKR
in monkeys showed that the earliest pretectal activity occurred 20 ms before the eye
movement, with the average pretectal neuron exhibiting a lead time of 7.5 ms "*. Considering
the substantially longer onset of the OKN, one may suggest that its fundamental operation is

maintained through a more complex network of nodes than the VOR.
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Figure 4. The basic neural pathway for the optokinetic reflex. The schematic presents the
hierarchy of the neural pathways involved in producing an optokinetic oculomotor response.
Visual motion is registered by the eye (right), and then relayed to cortical and subcortical
structures that produce and adapt the reflexive oculomotor output. Created with
BioRender.com.
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1.2.4 From lamprey to man

Despite the clear differences between primates and cyclostomes the basic principles
governing eye movement control appear remarkably similar (see figure 5) ". Nevertheless,
there are undoubtedly vast differences in habitat and behavioural complexity between our
species that put different demands on the eyes and their motility. Therefore, it may be
advantageous to touch on the comparative nature of gaze-stability between lamprey and man
before going into the details of how vestibular and visual information is translated into

reflexive gaze realignments.

Inferring the neural pathways responsible for maintaining the VOR and OKR in humans, and
how they relate to pharmacodynamics and various pathologies, is far from straight-forward.
The primate visual neural network is complex and its hierarchical processing involves several
feedback-loops dispersed throughout the system ®*. For example, the previous segment
outlined how the pretectal signal may be integrated through a process involving the
cerebellum, though other candidates exist, such as the medial vestibular nucleus or gaze
centres "°. One may keep this in mind when trying to bridge the gaps between brainstem
functions and bedside evaluations. In order to address the core principles governing gaze-
stabilization, this thesis implements the lamprey animal model, which thanks to their
conserved neural mechanisms have been referred to as a “blueprint of the mammalian

76
nervous system” .

The VOR likely emerged as the first form of reflexive gaze-stabilization, having evolved in
early vertebrates and remaining highly conserved "*. The lamprey, a jawless vertebrate which
diverged from the vertebrate evolutionary line 560 million years ago, features a nervous
system which in many ways is representative of that seen in mammals °. As the lamprey is
considered one of the first animals to possess the VOR, the animal model may provide us
with valuable insights into the origins and organization of the multisensory control of gaze-
stabilization ™. The comparison can be further justified by their possessing well-developed
image-forming eyes and a layered retina similar to mammals "8, Importantly, the
extraocular muscles are organized through the same brainstem nuclei as in mammals, with
only some minor deviations due to the varying homology of the eye muscles °. Regarding
the VOR, the reflex is caused by an activation of the animal’s vestibular area as detected by
the labyrinth, and relayed to the extraocular muscles in a similar fashion to that of other

vertebrates 1.
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In contrast, it is unclear whether lamprey possess an OKR. Its visual system is, as previously
noted, well-developed, and its optic tectum corresponds to the mammalian superior colliculus
in its function of dictating gaze shifts based on multisensory input . Much like its human
homologue, the optic tectum is layered, and its superficial segment receives visual
information from the retina according to a retinotopic map “®. A corresponding motor map is
maintained in deep layer neurons, whose dendrites extend into the superficial layer in order to
receive retinal input, and which projects to brainstem regions according to a motor map,
correlating eye movements with those of the head and body %3, This network, crucial for

body posture, has been well-researched and its neural mechanisms mapped ®*.

Altogether, the lamprey animal model lends itself well for studying the neural mechanisms
underlying gaze stabilization, as well as its evolutionary origins. The lamprey possesses a
small region in its lateral pallium, corresponding to the mammalian cortex, which deals with
visual input relayed through the thalamus . In addition, there is a palliopretectal fibre bundle
connecting pretectum and the lamprey visual cortex %. In this regard, the lamprey is in
possession of pathways supporting both cortical and subcortical control of the VOR and
OKR. Recording lamprey eye movement responses to optokinetic stimuli would shed further
light on the nature of its OKR, and should it exist the well-conserved neural pathways would
allow for in-depth studies of the underlying mechanisms. Considering the reflexive nature of
the eye movement responses one could expect these pathways to be highly similar to the
human network. One matter of particular interest when addressing gaze-stabilization is that of
visuovestibular integration, i.e OKR-VOR interaction. According to the network driving the
VOR and OKR in mammals, the two mechanisms come together at the level of the vestibular
nuclei ®. Consequently, several interesting candidates for studying the neural mechanisms
underlying mammalian gaze-stabilization can be found in the lamprey brain. In humans,
particular importance has been placed on the cerebellum for combining visual and vestibular
data, with reference to the projections travelling through the inferior olive and cerebellum
before reaching the vestibular nuclei . However, experiments in rats have indicated
pretectum to be the initial relay point for the OKR, and that the gaze-stabilizing response may
be retained even after a cerebellectomy ®. The layout of the lamprey brain lends itself well to
investigating the OKR’s point of convergence with the VOR through electrophysiological
recordings. One should note that while the lamprey possesses what is referred to as a
cerebellar plate, its functionality is somewhat unclear, and has been likened to that of a
commissural area ®. In this way, should the lamprey exhibit an OKR, the absence of a
functional cerebellum would provide valuable context for its importance in producing gaze-

stability.
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Figure 5. Neural activation of the extraocular muscles in lamprey. The schematic illustrates
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how the eyes move during a head roll in an adult lamprey with the frontal section of the eye-
brain-labyrinth preparation to its right. The red lines illustrate neural innervation between the
structures, illustrated as grey ellipses. Input originates in the respective vestibular organs and

move upwards in the figure.

1.3 READING THE BRAIN THROUGH EYE MOVEMENTS

Eye movement analysis offers insights into a range of neural processes. As outlined above,
the recruitment of the EOM involves several regions of the brain; the activity produced in
these regions is often not limited in their function of gaze-stabilization, as illustrated by the
VN “®. In order to maintain proper gaze-stability, visual and vestibular information need to
coalesce, and possibly receive modulation by somatosensory contributors as well. Another,
mostly reflexive, biological response that rely on these three senses is balance control . In
order to function properly, both gaze-stability and balance share a need to quickly decipher
movements and produce appropriate and reliable responses. With this in mind, it is
unsurprising that several structures in the vertebrate brain play a part in both vision and
balance 3. Below will follow a brief contextualization of the pathways relevant for postural
control, and how they may be related to gaze-stability.
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1.3.1 Reflexive postural control

Vision is key for maintaining balance. This can easily be illustrated by attempting to stand on
one leg with eyes opened, and then repeating the same endeavour with eyes closed. Through
providing proximal cues, we continuously rely on our eyes to guide our perception of upright.
Many people complain of vertigo in scenarios where distinguishable visual features are
absent, such as looking down from a tall building; in reality, such symptoms rarely constitute

true vertigo, though this will be discussed in a later chapter ™.

In order to maintain balance, humans rely on sensory feedback from three sensory systems:
Vision, vestibular input, and somatosensation ®. Input from the respective sensory organs are
integrated across multiple neural structures as outlined below. Many studies have focused on
cortex while, much like the integrative aspects of gaze-stabilization, the subcortical
mechanisms remain comparatively poorly understood. Through the use of fMRI there has
emerged a set of areas thought to be key for balance control. These involve the human middle

%% and the parieto-insular

96-98

temporal complex (hMT+), which is sensitivity to motion
vestibular cortex (PIVC), which is believed to integrate the three sensory modalities
After the cortical processing, the resulting activity can then be further processed in the

cerebellum and vestibular nuclei, where the appropriate postural adjustments may be carried

out 11,99-102.

In order to sustain proper postural control, visual, vestibular and somatosensory data are
required to convey the same level of information ®; if we walk forward, optic flow will move
visual elements further into the periphery, the semicircular canals will detect the angular
acceleration of the head moving with each step, and receptors in the legs, knees and feet will
confirm that each step is carried out and that the feet have landed safely on the ground. It is
when these systems differ in their input that motion-sickness or vertigo may arise %. This
mismatch-model system will be further contextualized later in this thesis (The clinical use of
gaze-stabilization, motion-sickness intervention). Out of these sensory modalities, one could
argue that vision may be the most prone to manipulation. Notably, this occurs when afferent
visual data processed through the cortical network cause vection, a faulty sensation of self-

motion %

. While this sensation certainly influences our postural strategies, studies have
shown that vection alone cannot account for the postural shifts seen during visual motion, and
that a shorter-latency system leading to reflexive balance responses must exist; it has
consequently been put forward that this visual modulation of postural equilibrium works in
tandem with an extraocular mechanism '*. An activation of the EOM, through efference

copies or re-afferents, would in such a scenario also activate subcortical commands relating
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to posture “%*. This hypothesis would offer an explanation for the shorter latency responses,
though by suggesting that eye movements themselves give rise to postural shifts it may invite
the question of how such strategies were carried out prior to the evolution of mobile eyes.

Considering the network employed in gaze-stabilization, one may expect that the same signal
giving rise to an eye movement could contribute toward a reflexive adjustment of posture.

Direct projections from pretectum to the MVN would arguably allow for such a pathway, and
offer shorter latencies than an extraocular mechanism. Additionally, tectum, corresponding to
the superior-colliculus in mammals, is known to play a key role in visually guided behaviours
influencing locomotion and postural shifts 2. As both the optic tract and pretectum project to
the superior colliculus, one could expect that such a relationship is likely present in mammals

as well, though more heavily modulated by cortical processes.

Gaze-stabilization reflects fundamental principles relating to motion and multisensory
integration, and may consequently serve as a prime candidate for offering further insights into
how postural control is maintained. As torsional eye movements lack any meaningful
voluntary control, compared to horizontal and vertical directions, this thesis aim to study how

the roll-plane OKR may be correlated with reflexive responses related to postural control.

1.3.2 Stress responses and the autonomic nervous system
Regulatory mechanisms in our body are maintained through the autonomic nervous system
(ANS) % This in turn consists of the parasympathetic nervous system (PNS) and the

sympathetic nervous system (SNS) %

. When we find ourselves at rest during unthreatened
conditions, the PNS acts as the primary influencer on bodily functions . In stressful
situations, such as those seen when our balance is threatened, will instead cause a surge in

activity of the SNS, readying the body for immediate action *®.

In psychometric testing, researchers often implement a range of measurements to quantify a
stress response, such as skin conductance due to increased sweating, stress hormones in the
saliva, pulse rate and pupil-size '°. In the context of gaze-stability, the latter offers a
convenient approach to inferring the effects of visual motion on eye-movements, as many
video eye-trackers allow for pupil detection and measuring. When the SNS signals the onset

of a fight-or-flight response, the pupil size increases *°
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. As the response has a comparatively
short latency of approximately 0.25 seconds (s) =, it is also suitable for detecting both acute
and dynamic stress responses *®, such as those that may be expected during postural
instability. Pupillometry consequently offers insight into a person’s level of alertness and

stress.
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In nominal conditions, the pupil diameter shifts in response to light and is under the
jurisdiction of the PNS; poor lighting conditions cause a relaxation of the iris sphincter,
whereas a well-lit scene causes the inverse, aiming to adjust the amount of light entering the
eye . The mechanism responsible for this response is mediated through the pretectum,
which projects to the Edinger-Westphal nucleus, leading to activation of the ciliary ganglion
that ultimately recruits the intraocular muscles *®. The dilatation seen to matters involving
stressful or cognitively challenging scenarios can instead be linked to activity in the locus
coeruleus (LC), with later responses seen in the superior and inferior colliculus, as well as in
the cingulate cortex dealing with emotional responses *'°. The LC conveys physiological
reactions to stress at the level of the brainstem, and has been shown to express causal

inference of stress-induced pupil diameter **.

This invites the question on how the LC is associated with gaze-control. Noradrenaline acts
as the primary neurotransmitter involved in the LC, and a recent study in humans has noted
that an increase in noradrenaline will result in increased consistency of visually evoked
potentials in the visual cortex 2. Activity in the visual cortex naturally imposes modulatory
influences on gaze-stability; visual attention has for example been shown to upregulate both
OKR and VOR **1* and acute stress has been shown to enhance motion-perception .
Considering the location of the LC in the brainstem and its relationship with the SC,

subcortical processes may be expected to modify these eye movement response as well.

Pupillometry consequently reflects activity across the neural visual network, and pupil
reactions may serve as an indication for how the brain reacts to visual motion. Correlating
such responses to that of body-sway may offer further insights into the interconnectivity
between visual motion, alertness, and postural control. In order to further the use of gaze-

stabilization in clinical testing, this thesis aims to present new insights into this relationship.

1.4 THE CLINICAL USE OF GAZE-STABILIZATION

The ultimate aim of this thesis is to investigate ways through which roll-plane eye-movement
responses may contribute to the understanding of gaze-control, which may by extension aid
in patient care. As it stands, gaze-stabilization is a key component in a neurological
assessment, and a skilled practitioner can infer precise topographical details through a few
procedures. This chapter will outline a few general principles pertaining to this type of

testing.
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1.4.1 Peripheral findings

The peripheral sensory systems that may be clinically tested using the OKR and VOR are the
eyes and the inner ear. However, OKR testing generally involves a suspicion of a defunct
central pathway; it is certainly possible that damaged EOM may inhibit the OKR, but simpler
oculomotor protocols testing smooth-tracking may be better suited for such suspicions **°.

The VOR by contrast offers significant clinical use when assessing its peripheral system.

Most notably, VOR tests are performed on patients with vertigo or balance disorders °’.
Emergency room clinicians are generally reliant on their own subjective interpretation of the
patient’s response, possibly with the aid of Frenzel-goggles that distort the patient’s vision
while allowing the tester clear line-of-sight of the eyes *’. A typical procedure involves
rapidly moving the subjects head and checking if the eyes remain fixed in space, as ordained
through the VOR *’. Absence of a reflexive response, altered latencies, or hyperactive
nystagmus activity can reveal a great deal of information regarding the structural integrity of

the vestibular apparatus >

Most advanced vertigo and balance centres are equipped with eye-tracking systems in the
form of video oculography **’. The most common implementation of this technology is
through the video head impulse test (vHIT), which allows for bedside vestibular testing of the
semi-circular canals 8. Head impulse tests (HIT) or vHIT have been shown comparable to
MRI or PET in discerning between dangerous and harmless causes for vertigo, i.e peripheral
damages to the vestibular system or central causes such as stroke or cerebral haemorrhaging
19 Many tertiary vertigo centres are also equipped with software that allows for immediate
and objective evaluations of the recorded eye movements. In this regard there is a wide
platform available for implementing novel forms of eye movement analyses, and as eye

tracking software is becoming more available the user base is likely to expand.

While this thesis does not aim to separate the central and peripheral systems’ sensory
contributions towards a gaze-stabilizing response, it is important to recognize the conditions
in which similar methodologies